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(54) Title: RNA SEQUENCE-SPECIHC MEDIATORS OF RNA INTERFERENCE 

Tf 

^ (57) Abstract: The present invention relates to a Drosophila in vitro system which was used to demonstrate that dsRNA is processed 
to RNA segments 21-23 nucleotides (nt) in length. Fimhermore. when these 21-23 nt fragments are purified and added back to 
^ Drosophila extracts, th^ mediate RNA interference in the absence of long dsRNA. Thus . these 21 -23 nt fragments are the sequence- 
^ specific mediatois of RNA degradation. A molecular signal, which may be their specific length, must be present in these 21-23 nt 
^ fragments to recruit cellular factors involved in RNAL This present invention encompasses these 21-23 nt fragments and their use 
for specifically inactivating gene function. The nse of these fragments (or chemically synthesized oligonucleotides of the same or 
O similar namre) enables the targeting of specific mRNAs for degradation in mammalian cells, where the use of long dsRNAs to elicit 
^ RNAi is usually not practical, presumably because of the deleterious effects of the interferon response. This specific targeting of a 
^ particular gene function is useful in functional genomic and therapeutic applications. 
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. Sequence-Specific Mediators of RNAIaterfi^ 

RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Application No. 
60>^65^2, filed January 31, 2001 and U.S. Provisional AppKcationN^ 
3 60/193,594, filedMarch 30, 2000, and claims priority under 35U.S.C. §119 to 
European Application No. 00 126 325 .0 filed Decemb^ 1, 2000. The entire 
teachings of the above applications are incorporated herein by reference. 



GOVERNMENT SUPPORT 

Work described herein v^fimded in part by grants finom the National 
10 Institutes of Health throu^ a United States Public Health Service MERIT award 
(Grant No. R01-(ai34277) fcom the National Institutes of Health. The United 
States government has certain ri^ts in &e inventioiL 

B ACKOROUND OF THE INVENTION 

RNA interfermce or '*RNAi** is a term initially coined by Fire and 

1 S co-workers to desoibe the observation that double-stranded RNA (dsRNA) can 
block gene expression when it is introduced into worms (Fire et al. (1998) Nature 
391^ 806-81 1). dsRNA directs gene-spedfic, post-transcriptional silencing in many 
organisms, including vertebrates, and has provided a new tool for studying gene 
fimction. RNAi involves rnRNA degradation, but xnany of the biochemical 

20 mechanisms underlying this interference are unknown. The recapitulation of the 
essential features of RNAi in vitro is needed for a biochemical analysis of the 
phenomenorL 

SUMMARY OF THE INVENTION 

Described herebi is gene-specific, dsRNA-mediated interferrace in a 
25 ceU-firee system derived fix>m syncytial blastoderm Drosophila embryos. The in 
vitro system cornplements gepetic approaches to dissecting the molecular basis of 
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RNAL As described herein, the molecular mechanisms underlying SNAi were 
examined iisingfheDrosophila in vitro system. Results showed fhat KNAi is 
- ATP-dependent yet uncotq>led fixnn mRNA translatioiL That is, protein synthesis is 
not required for KNAi in vitro. In the RNAi reaction, bofli strands (sense and 
S antisense) of the dsRNA are processed to small RNA fragments or segments of fiom 
about 21 to about 23 nucleotides (nt) in length (RNAs with mobility in sequencing 
gels that correspond to maikers that are 21-23 nt in length, optionally referred to as 
21-23 nt SNA). Processing of the dsRNA to the small KNA firagments does not 
require the targeted noRNA, which dmionstrates that the small RNA species is 

1 0 generated by processing of ttie dsRNA and not as a product of dsRNA-targeted 
mRNA degradatioiL The wKtJA is cleaved only within Uic region of identity with 
the dsSNA. Cleavage occurs at sites 21-23 nucleotides apart, the same interval 
observed for the dsRNA itself suggesting that the 21-23 nucleotide fiagments fiom 
the dsRNA are guiding mRNA cleavage. That purified 21-23 nt RNAs mediate 

1 S RNAi confirms that these fi:agments are guiding mRNA cleavage. 

Accordingly, the present invention relates to isolated RNA molecules 
(double- stranded; single-stranded) of fiom about 21 to about 23 nucleotides whidi 
mediate RNAi. That is, the isolated RNAs of the present invention mediate 
degradation of mRNA of a gene to which the mRNA corresponds (mediate 

20 degradation of mRNA that is the transcriptional product of the gene, which is also 
referred to as a target gene). For convenience, such mRNA is also referred to herdm. 
as mRNA to be degraded. As used herein, the terms RNA, RNA molecule(s), RNA 
segment(s) and RNA fragment(s) are used intax^hangeably to refer to RNA that 
mediates RNA interference. These tenns include double-stranded RNA, 

25 single-stranded RNA, isolated RNA partially purified RNA, essentially pure RNA, 
synthetic RNA, recombinantiy produced RNA), as weU as altered RNA that differs 
fiom naturally occurring RNA by the addition, deletion, substitution and/or 
alteration of one or more nucleotides. Such alterations can include addition of 
non-nucleotide naaterial, sucH as to the md(s) of the 21-23 nt RNA or internally (at 

30 one or more nucleotides of the RNA). Nucleotides in the RNA molecules of the 
present invention can also comprise non-standard nucleotides, including 
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The present inv^tion also relates to 21-23 nt RNA produced by ffae mefbods 
of tiie present inventioii, as well as to 21-23 nt RNAs, produced by other methods, 
such as chemical synthesis or recombinant DNA techniques, that have the same or 
substantially the same sequences as naturally-occurrmg BNAs that mediate SNAi, 
. S such as those produced by flie methods of the present invention. All of these are 
refmed to as 21-23 nt KNAs ihat mediate SNA interference. As used herein, the 
term isolated RNA includes RNA obtained by any means, including processing or 
cleavage of dsRNA as described herein; production by chemical synthetic methods; 
and production by recombinant DNA techniques. The invention further lelates to 

10 uses of the 21-23 nt RNAs, such as for ther^eutic or prophylactic treatment and 
compositions comprising 21-23 nt RNAs that mediate RNAi, such as 
pharmaceutical compositions comprising 21-23 nt RNAs and an appropriate carrier 
(e.g., a buffer or water). 

The present invention also relates to a method of mediating RNA 

15 interfermce of znRNA of a gene in acell or organism (e.g., mammal such as a 
mouse or a human). In one embodiment, RNA of about 21 to about 23 nt which 
targets the inRNA to be degraded is introduced into the cell or organism. The cell or 
organism is maintained under conditions under which degradation of the mRNA 
occurs, thereby mediating RNA interference of the mRNA of the gene in the cell or 

20 organism. The cell or organism can be one in which RNAi occurs as the cell or 

organism is obtained or a cell or organism can be one that has been modified so that 
RNAi occurs (e.g., by addition of components obtained &om a cell or cell extract 
that mediate RNAi or activation of endogenous components). As used herein, the 
tran "cell or organism in which RNAi occurs" includes both a cell or organism in 

25 which RNAi occurs as the cell or organism is obtained, or a cell or organism that has 
been modified so that RNAi occurs. Li another embodiment, the method of 
mediating RNA interference of a gene in a cell comprises combining 
double-stranded RNA that corresponds to a sequence of the gene with a soluble 
extract derived fir>m Drosophila embryo, thereby producing a combination. The 

30 combination is maintained under conditions in which the double-stranded RNA is 
processed to RNAs of about 21 to about 23 nucleotides. 21 to 23 nt RNA is then 
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isolated and introduced into the cell or organism. The cell or organism is maintained 
under conditions in which degradation of mRNA of the genQ occurs, thereby 
mediating KNA interference of the gene in the cell or organism. As described for the 
previous embodiment, flie cell or organism is one in which RNAi occurs naturally 
5 (in the cell or organism as obtained) or has been modified in such aioanner that 
KNAi occurs. 21 to 23 nt RNAs can also be produced by other methods, such as 
chemical synthetic methods or recombinant DNA techniques. 

The present invention also relates to biochemical components of a cell, such 
as a Drosophila cell, that process dsRNA to RNA of about 21 to about 23 

10 nucleotides. In addition, biochemical components of a cell that are involved in 
targeting of ruRNA by RNA of about 21 to about 23 nucleotides are the subject of 
the present invention. In both embodiments, the biochemical components can be 
obtained fiom a cell in which they occur or can be produced by other methods, such 
as chemical synthesis or recombinant DNA methods. As used herein, the 

15 . temi "isolated" includes materials (e.g., biochemical components, RNA) obtained 
from a source in which they occur and materials produced by methods such as 
chooaical synthesis or recombinant nucleic acid (DNA, RNA) methods. 

The present invCTtion also relates to a method for knocking down. (partially 
or completely) the targeted gene, thus providing an alternative to presently available 

20 methods of knocking down (or out) a gene or genes. This method of knocking down 
gene expression can be used thenqjeutically or for research (e.g., to generate models 
of disease states, to examine the function of a gene, to assess whether an agent acts 
on a gene, to validate targets for drug discovery). In those instances in which gene 
function is eliminated, the resulting cell or organism can also be referred to as a 

25 knockout One embodiment of the method- of producing knockdown cells and 

organisms comprises introducing into a cell or organism in which a gene (referred to 
as a targeted gene) is to be knocked down, RNA of about 21 to about 23 nt that 
targets the gene and maintaining the resulting ceU or organism under conditions 
imder which RNAi occiars, resulting in degradation of the mRNA of the targeted 

30 gene, thereby producing knockdown cells or organisms. ICnockdown cells and 
organisms produced by the present method are also the subject of this invention. 
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The present invexition also relates to a method of examining or assessing the 
function of a gene in a cell or organism. In one embodiment, RNA of about 21 to 
about 23 nt which targets mSNA of the gene for degradation is introduced into a cell 
or organism in which RNAi occurs. Iliecellor oiganismisrefeiredto asatestcell 
S or organism. The test ceU or organism is inaintainedimder conditions under which 
degradation of mBKA of the gene occurs. The phenotype of the test cell or 
organism is then observed and compared to that of an expropriate control cell or 
organism, such as a corresponding cell or organism that is treated in the same 
manner except that the targeted (spedfic) gme is not targeted* A 21 to 23 nt KNA 

1 0 that does not target the mRNA for degradation can be introduced into the control 
cell or organism in place of the KNA introduced into the test cell or organism, 
although it is not necessary to do so. A difference between the phenotypes of the 
test and control cells or oiganisms provides infoimation about the function of the 
degraded mKNA In another embodiment, double-stranded RNA that corresponds to 

IS a sequence of the gene is combined with a soluble extract that mediates KNAi, such 
as the soluble extract derived fiom Drosophila embryo described herein, under 
conditions in which tfie double-stranded RNA is processed to generate RNA of 
about 21 to about 23 nucleotides. The RNA of about 21 to about 23 nucleotides is 
isolated and then introduced into a cell or organism in which RNAi occurs (test cell 

20 or test organism). The test ceU or test organism is nuuntained under conditioiis 
imder which degradation of the mRNA occurs. The phenotype of the test cell or 
organism is then observed and contpared to that of an appropriate control, such as a 
corresponding cell or organism that is treated in the same manner as ttie test cell or 
organism except that the targeted gene is not targeted. A difference between the 

25 phenotypes of the test and control cells or organisms provides information about the 
function of the targeted gene. The infomiation provided may be sufficient to 
identify (define) the function of the gene or may be used in coirjunction with 
information obtained &om other assays or analyses to do so. 

Also the subject of the present invention is a method of validating whether 

30 an agent acts on a gene. In this method, RNA of from about 21 to about 23 
nucleotides that targets the mRNA to be degraded is introduced into a cell or 
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org^nism in which RNAi occurs. The cell or organism (which contains the 
introduced RNA) is maintained under conditions under which degradation of 
noKNA occurs, and the agent is introduced into the cell or organism. Whether the 
agent has an effect on the cell or organism is detennined; if the agent has no effect 
5 on the cell or organism, then the agent acts on the gene. 

The present invention also relates to a method of validating whether a gene 
I>roduct is a targe^t for drug discovery or develqpmCTt UNA of fiom about 21 to 
about 23 nucleotides that targets the mKNA that conesponds to die gene for 
degradation is introduced into a cell ot organism. The cell or organism is 
10 maintained under conditions in which degradation of the mRNA occurs, resulting in 
decreased expression of the gene. Whether decreased expression of the gene has an 
effect on the cell or organism is detennined, wherein if decreased expression of the 
gene has an effect, then the gene product is a target for dmg discovery or 
development 

15 Hie present invention also encompasses a method of treating a disease or 

condition associated with the presence of a protein in an individual comprising 
administering to the individual KNA of from about 21 to about 23 nucleotides which 
targets the mBNA of the protein (the mRNA that encodes the protein) for 
degradation. As a result, the protein is not produced or is not produced to tiie extent 

20 it would be in the absence of the treatment 

Also encon:q>assed by the present invention is a gene identified by the 
sequencing of endogenous 21 to 23 nucleotide RNA molecules that mediate RNA 
interference. 

Also encompassed by the present invention is a method of identifying target 
25 sites within an mRNA that are particularly suitable for RNAi as well as a method of 
assessing the ability of 21-23 nt RNAs to mediate RNAi. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The file of this patent contains at least one drawing.eTcecuted in color. 
Copies of this patent with color drawing(s) will be provided by the Patent and 
30 Trademark Of&ce iipon request and payment of the necessary fee. 
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Figure 1 is a schematic lepresentadon of r^orter roKNAs and dsRNAs 
Rr-Luc and Pp-Luc. Lengths and positions of the ssRNA, asKNA, and dsKNAs are 
shown as black bars relative to the Rr-Luc and Pp-Luc rq)orter mRNA sequences. 
Black rectangles indicate the two unrelated luciferase coding sequences, lines 
5 correspond to the 5' and 3' untranslated regions of the niRNAs. 

Figure 2A is a graph of the ratio of luciferase activities after targeting 50 pM 
Pp- Luc inRNA with 10 nM ssRNA, asRNA, or dsRNA &om the 5 05 bp segment of 
the Pp- Luc gene showing gene-specific interference by dsRNA in vitro. The data 
are the average values of seven trials ± standard deviation. Four independently 
10 prepared lysates were used. Luciferaseactivity was normalized to the buffer control; 
a ratio equal to one indicates no gene-specific interference. 

Figure 2B is a graph of the ratio of luciferase activities after targeting 50 pM 
Rr- Luc mRNA with 10 nM ssRNA, asKNA, or dsRNA firom the 501 bp segment of 
the Rr- Luc gene showing gene-specific interference by dsRNA in vitro. The data 
15 are the average values of six trials ± standard deviation. A Rr-Luc/Pp-Luc ratio 
equal to one indicates no gene-specific interference. 

Figure 3 A is a schematic representation of the experimental strategy used to 
show that incubation in Ihe Drosophila embryo lysate potentiates dsRNA for gene- 
specific interference. The same dsRNAs used in Figure 2 (or buffer) was serially 
20 preincubated using two-fold dilutions in six successive reactions with Drosophila 
embryo lysate, then tested for its capacity to block mRNA expression. As a control, 
the same amoimt of dsRNA (10 nM) or buffer was diluted directly in buffer and 
incubated with Pp-Luc and Rr-Luc mRNAs and lysate. 

Figure 3B is a graph ofpotaitiation when targeting Pp-Luc mRNA. Black 
25 columns indicate tiie dsRNA or the biiffer was serially preincubated; white columns 
correspond to a direct 32-fold dilution of the dsRNA. Values were nomialized to 
those of the buffer controls. 

Figure 3C is a graph of potentiation when targeting Rr-Luc mRNA. The 
corresponding buffer control is shown in Figure SB. 
30 Figure 4 is a gr^h showing effect of competitor dsRNA on gene-specific 

interference. Increasing concentrations of nanos dsRNA ( 508 bp) were added to 
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reactions ccmtaining S nM dsRNA (the same d&RNAs used in Figures 2A and 2B) 
targeting Pp-Luc mRNA (blade columns, left axis) or Rr-Luc mKNA (white 
columns, right axis). Each reaction contained both ai target mRNA CPp-Luc for the 
black colunms, Rr-Luc for the white) and an unrelated control mRNA (Rr-Luc for 
5 the blade colmnns, Pp-Luc for the white). Values were normalized to the buffer 
control (not shown). The reactions were incubated under standard conditions (see 
Methods). 

Figure 5 A is a graph showing the effect of dsRNA on mRNA stability. 
Circles, Pp-Luc mRNA; squares, Rr-Luc mRNA; filled symbols, buffer incubation; 
10 open symbols, incubation with Pp-dsRNA. 

Figure 5B is a graph showing the stabiUty of Rr-Luc mRNA incubated with 
Rr-dsRNAorPp-dsRNA Filled squares, buffer, open squares, Pp-dsRNA (10 
nM); open circles, Rr-dsRNA (10 nN^. 

Figure 5C is a gr^h showing the dependence on dsRNA length. The 
15 . StabiUty of the Pp-Luc mRNA was assessed after incubation in lysate in the presence 
of buffer or dsRNAs of different lengths. Filled squares, buffer, open circles, 49 bp 
dsRNA (10 nM); open inverted triangles, 149 bp dsRNA (10 nM); open triangles, 
505 bp dsRNA (10 nM); open diamonds, 997 bp dsRNA (10 nM). Reactions were 
incubated under standard conditions (see Methods). 
20 Figure 6 is a graph showing that RNAi Requires ATP. Creatine kinase (CK) 

uses creatine phosphate (CP) to regenerate ATP. Circles, +ATP, +CP, +CK; 
squares, -ATP, +CP, +CK; triangles, -ATP, -CP, +CK; inverted triangles, -ATP, 
+CP,-CK. 

Figure 7A is a graph of protein synthesis, as reflected by luciferase activity 
25 produced after incubation of Rr-luc mRNA in the in vitro RNAi reaction for 1 hour, 
in the presence of the protein synthesis inhibitors anisomycin, cycloheximide, or 
chloramphenicol, relative to a reaction without any inhibitor showing that KNAi 
does not require mRNA translation. 

Figure 7B is a graph showing translation of 7-methyl-guanosine- and 
30 adenosine- capped Pp-luc mRNAs (circles and squares, respectively) in the RNAi 
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reaction in the absence of dsRNA, as measured by lucifierase activity produced in a 
one-honr incubation. 

• Figure 7C is a gc^li showing incubation in an RNAi reaction of uniformly 
radiolabeled 7-metfa>l-guanosine-capped Pp-luc mSNA (circles) and 
5 adenosine-capped Pp-luc mRKA (squares), in the presence (open symbols) and 
absence (filled symbols) of SOS bp Pp-luc dsiRNA. 

Figure 8A is a grq>h of the of the denaturing agarose-gel analysis of Pp-hic 
mRNA incubated in a standard BNAi reaction with buffer, SOS nt Pp-asRNA, or SOS 
bp Pp-dsRNA for the times indicated showing ttiat asRNA causes a small amount of 
10 RNAi in vitro. 

Figure SB is a gr^h of the of the denaturing agarose-gel analysis of Rr-liic 
mRNA incubated in a standard KNAi reaction with bufEsr, SOS nt Pp-asRNA, or SOS 
bp Pp-dsRNA for flie times indicated showing that asRNA causes a small amount of 
SNAi in vitro. 

15 Figure 9 is a schematic of the positions of the three dsRNAs, 'A,' TB,* and 'C,' 

relative to the Rr-luc mKNA 

FigurelO indicates the cleavage sites m^ped onto the first -267 nt of tiie 
Rr-luc mRNA (SEQ ID NO: 1). The blue bar below the sequence indicates the 
position of dsRNA 'C,' and blue circles indicate the position of cleavage sites caused 

20 by this dsRNA. The green bar dmotes the position of dsRNA B,' and gceen circles, 
the cleavage sites. The magenta bar indicates the position of dsRNA 'A,' and 
magenta circles, the cleayages. An eiccq>tional cleavage within a run of 7 uracils is 
marked with ared azro\^ead. 

Figure 1 1 is a proposed model for RNAi. RNAi is envisioned to begin witii 

2S cleavage of the dsRNA to 21-23 nt products by a dsRNA-specific nuclease, pwhaps 
in a multiprotein coixrplex. These short dsRNAs might then be dissociated by an 
ATP- dependent helicase, possibly a component of Ihe initial complex, to 21-23 nt 
asRNAs that could then target the mRNA for cleavage. The short asRNAs are ' 
imagined to remain associated with the RNAi-specific proteins (circles) Ihdt werc 

30 origmally bound by the full-length d&RNA, thus explaining the inefficiency of 
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asRNA to trigger KNAi in vivo aad in vitro. Finally, a nuclease (triangiles) would 
cleave the mKNA. 

Figure 12 is a bar graph showing sequence-specific gene silenciag by 21-23 
nt fi^gments. Ratio of luciferase activity after targeting of Fp-Luc and Rr-Luc 
5 mSNA by 5 nM Pp-Luc or Rr-Luc dsKNA (500 bp) or 21-23 nt firagments isolated 
£tom a previous incubation of the respective dsRKA in Droso The 
amount of isolated 21-23 m&rs present in the incubadcm reaction correspond to 
approxinoLately the same amount of 21-23 mers generated during an incubation 
reaction with 5 nM SCO bp dsRNA. The data are average values of 3 trials and the 
10 standard deviation is given by error bars. Ludferase activity was normalized to the 
buffer control. 

Figure 13A illustrates the purification of SNA fi:agments on a Superdex HR 
200 10/30 gel filtration column (Phannacia) using the method described in Example 
4. dsRNA was 32P-labeled, and the radioactivity recovered in each column fi:action 
IS is gr^hed. The fi:actions were also analyzed by denaturing gel electrophoresis 
(inset). 

Figure 13B demonstrates the ability of the Rr-luciferase RNA, after 
incubation in the Drosophila lysate and fiactionation as in Fig. 13 A, to mediate 
sequence-specific interference with the expression of a Rr-luciferase target mRNA 

20 One microliter of each resuspeaded fraction was tested in a 10 microliter in vitro 
RNAi reaction (see Example 1). This procedure yields a concentration of RNA in 
the standard in vitro RNAi reaction ^t is approximately equal to the concentration 
of that RNA species in fhe original reaction prior to loading on the columrL Relative 
luminescence per second has been normalized to the average value of the two buffer 

25 controls. 

Figure 13C is the specificity control for Fig 13B. It demonstrates that the 
fractionated RNA of Fig 13B does not efSciently mediate sequence-specific 
interference with the expression of a Pp-luciferase mRNA. Assays are as in Fig 
13B. 

30 Figures 14A and 14B are schematic representations of reporter conslmcts 

and siRNA di:5)leXes. Figure 14A illustrates the firefly (Pjp-lxic) and sea pansy (Rr- 
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luc) luciferase reporter gene regions fiom plasmids pGL2-Control, p6L3-Control, 
and pRL-TK (Promega). SV40 regulatory elements, the HSV 1iiymidine.kinase 
promoter, and two introns (lines) are indicated. The sequence of GL3 luciferase is 
95% identical to GL2, but RL is completely unrelated to both Ludferase esqiressibn 
5 from pGL2 is approximately 1 0-fold lower than fiom pGL3 in transfected 

mammalian cells. The region targeted by the siSKA duplexes is indicated as black 
bar below the coding region of the'ludferase genes. Figure 14B shows the sense 
(top) and antisense (bottom) sequences of the siKNA dxq)lexes targeting GL2 (SEQ 
ID Nos: 10 and 1 1), GL3 (SEQ ID Nos: 12 and 13), and KL (SEQ ID Nos: 14 and 

10 15) luciferase are shown. The GL2 and GL3 siRNA di^)lexes differ by only 3 single 
nucleotide substitutions (boxed in gray). As unspecific control, a duplex with flie 
inverted GL2 sequence, invGL2 (SEQ ID Nos: 16 and 17), was synthesized. The 2 
nt 3' overhang of 2'-deoxyfhymidine is indicated as TT; uGL2 (SEQ ID Nos: 18 and 
19) is similar to GL2 siRNAbut contains ribo-uridine 3' overhangs. 

15 Figures 1 5A-1 5 J are gRphs showing RNA interference by siRNA duplexes. 

Ratios of target to control lucifiaase w^ normalized to a buffer control (bu, black 
bars); gray bars indicate ratios of Photinus pyralis (PpAm) GL2 or GL3 luciferase to 
Renilla reniformis (J&r-luc) RL lucif^ase (left axis), white bars indicate RL to GL2 
or GL3 ratios (right axis). Figures 15A, 15C, 15E, 15G, and 151 show results of 

20 e3q)edbtnmts performed with the combination of pGL2-Control and pRL-TK reporter 
plasmids. Figures 15B, 15D, 15F, 15H, and 15 J with pGL3-Control and pRL-TK 
reporter plasmids. The cell line used fox the interference experiment is indicated at 
the top of each plot The ratios of i>-luc/iir-luc for the buffer control (bu) varied 
between 0.5 and 10 for pGL2ypRL^ and between 0.03 and 1 for pGL3/pRL, 

25 respectively, before normalization and between the various cell lines tested. The 
plotted data were averaged from three independent experiments ± SD. 

Figures 16A-16F are graphs showing the'effects of 21 nt siRNAs, 50 bp, and 
500 bp dsRNAs on luciferase e^qjression in HeLa cells. The exact lengdi of the long 
dsRNAs is indicated below the bars. Figures 16A, 16C, and 16E describe 

30 e3q)eriments performed with pGL2-Control and pRL-TK reporter plasmids. Figures 
16B, 16D, and 16F with pGLS-Ctontrol arid pRL-TKrq)orterplasrriids. The data 
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were averaged fix)ra two indepeadent experimeuts ± S J>. Figures 16A, 16B, 
Ab^lute Pp-hxc expression, plotted in arbitrary Imninescence units. Figure 16C, 
16D, Rr-luc expression, plotted in arbitrary luminescence units. Figures 16B, 16F, 
Ratios of normalized target to control luciferase. The ratios of luciferase activity for 
5 siKNA duplexes were normalized to a buffer control (bn, black bars); the 

Imninescence ratios for 50 or 500 bp dsRNAs were normalized to the respective 
ratios obs^ed for 50 and 500 bp dsRNA from humanized C3FP QiG, black bars). It 
should be noted, that the overall differences in sequ^ice between ttie 49 and 484 bp 
dsRNAs targeting GL2 and GL3 are not sufficient to confer specificity between GL2 
10 and GL3 targets (43 nt uninterrupted identity in 49 bp segment, 239 nt longest 

uninterrupted identity in 484 bp segment) CPairish, S., et aL, Mol Cell, 6: 1 077-1087 
(2000)). 

DETAILED DESC3RIPTION OF THE INVENTION 

Double-stranded (dsRNA) directs the sequaace-specific degradation of 

15 mRNA through a process known as RNA interference (RNAi). The process is 

known to occur in a wide variety of organisms, including mibryos of mammals and 
other vertebrates. Usiag the Drosophila in vitro system described herein, it has been 
demonstrated that dsRNA is processed to RNA segments 21-23 nucleotides (nt) in 
length, and furthennore, that when these 21-23 nt fragments are purified and added 

20 back to Drosophila extracts, they mediate RNA interference in the absence of longer 
dsRNA- Thus, these 21-23 nt fragments are sequence-specific mediators of RNA 
degradation. A molecular signal, which may be the specific length of the firagments, 
must be present in these 21-23 nt fragments to recruit cellular factors involved in 
RNAi. This present invmtion encompasses these 21-23 nt fragments and their use 

25 for specifically inactivating grae function. The use of these fragments (or 

recombinantly produced or chraiically synthesized oUgonucleotides of the same or 
similar nature) enables the targeting of specific mRNAs for degradation in 
mammalian cells. Use of long dsRNAs in mammalian cells to eUcit RNAi is usually 
not practical, presumably because of the deleterious effects of the interferon 

30 response. Specific targeting of a particular gene function, which is possible with 
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21-23 Dt fragments of the present mvendon, is useful in fimctLonal genomic and 
fherapeutic ^yplications. 

Iq particular, the present invention relates to KNA molecules of about 21 to 
about 23 nucleotides that mediate RNAi, In one embodiment, the present invention 
5 relates to RNA molecules of about 21 to about 23 nucleotides that direct cleavage of 
specific mKNA to ^ch they correspond. The 21-23 nt KNA molecules of the 
present invention can also conq)rise a 3' hydroxy! group. The 21-23 nt RNA 
molecules can be single-stranded or double stranded (as two 21-23 nt RNAs); such 
molecules can be blunt ended or conqprise overhanging ends (e,g., 5\ 3*), In specific 

10 embodiments, the SNA molecule is double stranded and either blunt ended or 
conqprises overhanging ends (as two 21-23 nt RNAs). 

In one embodiment, at least one strand of the RNA molecule has a 3 ' 
overhang fi*om about 1 to about 6 nucleotides (e,g., pyiimidine nucleotides, purine 
nucleotides) in length. In other embodiments, the 3' overhang is &om about 1 to 

15 about 5 nucleotides, &om about 1 to about 3 nucleotides and fixMn about 2 to about 4 
nucleotides in length. In one embodiment the RNA molecule is double stranded, 
one strand has a 3' overhang and the other strand can be blunt-^ded or have an 
overhang. In the embodiment in which ttie RNA molecule is double stranded and 
both strands comprise an ovediang, the length of the overhangs may be the same or 

20 different for each strand, hiaparticular embodiment, tfie RNA of the present 
invention conq[)rises 21 nucleotide strands which are paired and which have 
oveiiiangs of fix>m about 1 to about 3, particularly about 2, nucleotides on both 3* 
ends of the RNA. In order to finther enhance the stability of the RNA of the present 
invention, the 3' overhangs can be stabilized against degradation. In one 

25 embodiment, the RNA is stabilized by including purine nucleotides, such as 
adenosine or guanosine nucleotides. Alternatively, substitution of pyrimidine 
nucleotides by modified analogues, e.g:, substitution of uridine 2 nucleotide 3' 
overhangs by 2'-deoxythymidine is tolerated and does not affect the efSciency of * 
RNAi. The absence of a T hydroxyl significantly enhances the nuclease resistance 

30 of the overhang in tissue culture medi um. 
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The 21-23 nt RNA molecules of the piesenjt inveatioii can be obtained using 
a number of techniques known to those of skill in the art For example, the RNA 
can be chemically synthesized or recombinantly produced using methods known in 
the art The 21-23 nt RNAs can also be obtained using the Drosophila in vitro 
5 system described herein. Use of the Drosophila in vitro system entails combining 
dsKNA witii a soluble extract derived firom Drosophila embryo, thereby producing a 
combinatiorL The combination is maintained under conditions in which the dsRNA 
is processed to RNA of about 21 to about 23 nucleotides. The Drosophila in vitro 
. system can also be used to obtain RNA of about 2 1 to about 23 nucleotides in length 

10 which mediates RNA interference of the mRNA of a particular gene (e.g., oncogoae, 
viral gene). In this embodiment, double-stranded RNA that corresponds to a 
sequence of the gene is combined with a soluble extract derived fix)m Drosophila 
embryo, thereby producing a combination. The combination is maintained imder 
conditions in which the double- stranded RNA is processed to the RNA of about 21 

15 to about 23 nucleotides. As shown herein, 21-23 nt RNA mediates RNAi of flie 
mRNA to be degraded. The present invention also relates to the 21-23 nt RNA 
molecules produced by the methods described herein. 

In one embodiment, the methods described herein are used to identify or 
obtain 21-23 nt RNA molecules that are useful as sequence-specijac mediators of 

20 RNA degradation and, thus, for inhibiting mRNAs, such as human mRNAs, that 
encode products associated with or causative of a disease or an undesirable 
condition. For example, production of an oncoprotein or viral protein can be 
inhibited in humans in order to prevent the disease or condition j&om occurring, Ihmt 
the extent to which it occurs or reverse it If the sequence of the gene to be targeted 

25 in humans is known, 21-23 nt RNAs can be produced and tested for their ability to 
mediate RNAi in a cell, such as a human or other primate cell. Those 21-23 nt 
hum a n RNA molecules shown to mediate RNAi can be tested, if desired, in an 
appropriate animal model to further assess their in vivo effectiveness. Additional 
copies of 21-23 nt RNAs shown to mediate RNAi can be produced by the methods 

30 desoibed herein. 
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The method of obtaining the 21-23 nt RNA sequeace using the Drosophila in 
vitro system can further comprise isolating the RNA. sequence from the combination. 
The 21-23 nt RNA molecules can be isolated using a number of techniques known 
to fliose of skill in the art For exanq)le, gel electrophoresis can be used to separate 
5 21-23 nt RNAs fixmi the combination, gel slices comprising the RNA sequences 
removed and RNAs eluted ftom the gel slices. Alternatively, non-denaturing 
methods, siich as non-denaturing colunm chromatography, can be used to isolate the 
RNA produced, hi addition, chromatogr^hy (e.g., size exclusion chromatography), 
glycerol gradient centrifugation, affinity purification with antibody can be used to 

10 isolate 21-23 nt RNAs. The RNA-protein complex isolated from the Drosophila in 
vitro system can also be used directly in the methods described herein (e.g., method 
of mediating RNAi of mRNA of a gene). Soluble extracts derived fiom Drosophila 
embryo that mediate or RNAi are encompassed by the invention. The soluble 
Drosophila extract can be obtained in a variety of ways. For examqple, the soluble 

15 extract caztbe obtained fix>m syncytial blastoderm Drosophila embryos as described 
in Examples 1, 2, and 3. Soluble extracts can be derived from other cells in which 
RNAi occurs. Alternatively, soluble extracts can be obtained fiom a cell that does 
not cany out RNAi In this instance, the fectors needed to mediate RNAi can be 
mtroduced into such a cell and the soluble extract is then obtained. The components 

20 of the extract can also be chemically synthesized and/or combined using methods 
known in the art 

Any dsRNA can be used in the methods of the present mvention, provided 
that it has sufBcient homology to the targeted gene to mediate RNAi. The sequence 
of the dsRNA for use in the methods of the present invention need not be known- 

25 Alternatively, the dsRNA for use in the present invmtion can correspond to a known 
sequence, such as that of an entire gene (one or more) or portion thereof. There is 
no upper limit on flie lengOi of the dsRNA that canbe used. For example, the 
dsRNA can range fiom about 21 base pairs (bp) of the gene to the fiiU length of the 
* gene or more. In one embodiment, tiiedsRNA used in the methods of the present 

30 invention is about 1000 bp in length. In anotho: onbodiment, the dsRNA is about 
500 bp in ImgflL In yet another embodiment, the dsRNA is about 22 bp in length. 
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The 21 to 23 laKNAs described herein can be used in a variety of wa^^ For 
example, the 21 to 23 nt RNA molecules can be used to mediate KNA interference 
of mRNA of a gene in a cell or organism. In a specific embodiment, the 21 to 23 nt 
RNA is introduced into human cells or a human in order to mediate RNA 
5 interference in the cells or in cells in the individual, such as to prevent or treat a 
disease or undesirable condition. In this method, a gene (or genes) that cause or 
contribute to the disease or tmdesirable condition is targeted and the corresponding 
mRNA (the transcriptional product of the targeted gene) is degraded by RNAi. In 
this embodiment, an RNA of about 21 to about 23 nucleotides that targets the 

10 corresponding mRNA (the mRNA of the targeted gene) for degradation is 

introduced into the cell or organism. The cell or organism is maintained under 
conditions under which degradation of the corresponding mRNA occurs, thereby 
mediating RNA interference of the mRNA of the gene in the cell or organism. In a 
particular embodiment, the method of mediating RNA interference of a gene in a 

15 cell comprises combining double-stranded RNA that corresponds to a sequence of 
the gene with a soluble extract derived from Drosophila embryo, thereby producing 
a combination. The combination is maintained under conditions in which the 
double-stranded RNA is processed to RNA of about 21 to about 23 nucleotides. The 
21 to 23 nt RNA is then isolated and introduced into the cell or organism. The cell 

20 or organism is maintained under conditions in which degradation of mRNA of the 
gene occurs, thereby mediating RNA interference of the gene in the cell or organism. 
In the event that the 21-23nt RNA is introduced into a cell in which RNAi, does not 
normally occur, the factors needed to mediate RNAi are introduced into such a cell 
or the expression of the needed factors is induced in such a celL Altematively, 21 to 

25 23 nt RNA produced by other methods (e.g., chemical synfliesis, recombinant DNA 
production) to have a composition the same as or sufficiently similar to a 21 to 23 nt 
RNA known to mediate RNAi can be similarly used to mediate RNAi. Such 21 to 
23 nt RNAs can be altered by addition, deletion, substitution or modification of one 
or more nucleotides and/or can comprise non-nucleolide materials. A further 

30 embodiment of this invention is an ex vivo method of treating cells from an 
individual to degrade a gene(s) that causes or is associated with a disease or 
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undesirable condition, such as leukemia or AIDS. In fhis embodiment, cells to be 
treated are obtained from the individual using known methods (e.g., phlebotomy or 
collection of bone mairow) and 21-23 nt RNAs that mediate degradation of the 
corresponding niRNA(s) are introduced into the cells, which are then re-introduced 
S into the individual. Ifnecessary,biochenucalconq)onents needed for RNAi to occiir 
can also be introduced into the cells. 

The mRNA of any gene can be targeted for degradation using the methods of 
mediating interfCTence of mKNA described herein. For exan:q)le, any cellular or 
viral mKNA, can be targeted, and, as a result, the encoded protein (e.g., an 

10 oncoprotein, a viral protein), expression will be diminished. In addition, the mKNA 
of any protein associated with/causative of a disease or undesirable condition can be 
targeted for degradation using the methods described herein. 

The present invention also relates to a method of examining the function of a 
gene in a cell or organism. In one embodiment, an KNA sequence of about 21 to 

IS about 23 nucleotides that targets mKNA of the gene for degradation is introduced 
into the cell or organism. The cell or organism is maintained under conditions under 
which degradation of mKNA of tiie gene occurs. The phenotype of the cell or 
organism is then observed and compared to an q>propriate control, thereby 
providing information about the function of the gene. In another embodiment, 

20 double-stranded KNA that corresponds to a sequence of the gene is combined with a 
soluble extract derived fix>m Drosophila embryo under conditions in which the 
double-stranded KNA is processed to generate KNA of about 21 to about 23 
nucleotides. The KNA of about 21 to about 23 nucleotides is isolated and then 
introduced into the cell or organism. The cell or organism is maintained under 

25 conditions in which degradation of the mKNA of the gene occurs. The phraotype of 
the cell or organism is then observed and compared to an ^propriate control, 
thereby identifying the function of the gene. 

A further aspect of this invention is a metiiod of assessing the ability of 
21-23 nt KNAs to mediate RNAi and, particularly, detOTnining which 21-23 nt 

30 KNA(s) most efficiently mediate RNAi. In one embodiment of the method, dsKNA 
corresponding to a sequence of an mKNA to be degraded is combined with 
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detectably labeled (e.g., end-labeled, such as radiolabeled) mRNA and the soluble 
extract of this invention, thereby producing a combination. The combination is 
maintained under conditions under which the double-stranded RNA is processed and 
the mRNA is degraded. The sites of the most effective cleavage are mapped by 
5 comparing the migration of the labeled mKNA cleavage products to maikeirs of 
known length. 21 mers spanning these sites are then designed and tested for their 
efficiency in mediating RNAi. 

Alternatively, the extract of the present invention can be used to detennine 
whether there is a particular segment or particular segments of the mRNA 

1 0 corresponding to a gene which are more efficiently targeted by RNAi than other 
regions and, thus, can be especially useful target sites. In one embodiment, dsRNA 
corresponding to a sequence of a gene to be degraded, labeled mRNA of the gene is 
combined with a soluble ^Ktract that mediates RNAi, thereby producing a 
combination. The resulting combination is maintained under conditions under 

IS which the dsRNA is degraded and the sites on the mRNA that are most efficiently 
cleaved are identified, using known methods, such as comparison to known size 
standards on a sequencing geL 

OVERVIEW OF EXAMPLES 

Biochemical analysis of RNAi has become possible with the development of 

20 the in vitro Drosophila embryo lysate that rec^itulates dsRNA-dependent silencing 
of gene expression described m Example 1 (Tuschl et aL, Genes Dev., 13:3 191-7 
(1999)). In the in vitro system, dsRNA, but not sense or asRNA, targets a 
coiresponding'mRNA for degradation, yet does not afiGsct the stability of an 
unrelated control mRNA. Furthermore, pre-incubation of the dsRNA in &e lysate 

25 potentiates its activity for target mRNA degradation, suggesting that ttie dsBNA 
must be converted to an active form by binding proteins in the extract or by covalent 
modification (Tusdil et al.. Genes Dev., 13:3191-7 (1999)). 

The development of a cell-fiiee system fixjm syncytial blastoderm Drosophila 
embryos that recapitulates many of the features of RNAi is described herein. The 

30 interference observed in this reaction is sequence-specific, is promoted by dsRNA, 
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but not by single-stranded SNA, functions by specific mRNA degradation, requires 
a miniTTium Imgtfa of dsRNA and is most efficient with long dsEtNA. Furttiennore, 
preincubation of dsRNA potentiates its activity. These results demonstrate that 
KNAi is mediated by sequence specific processes in soluble reactions. 
S As desoibed in Example 2, tiie in vitro system was used to analyzefhe 

requirements of SKAi and to determine the fate of the dsRNA and the m^ 
RNAi in vitro requires ATP, but does not require either mKNA translation or 
recogmtionofflieT-methyl-guanosinecq) of the targeted rnKNA. ThedsRNA,but 
not single-stranded RNA, is processed in vitro to a population of 21-23 nt species. 

10 Deamination of adenosines within the dsRNA does not s^ear to be required for 
formation of the 21-23 nt RNAs. As described herein, the mKNA is cleaved only in 
the region corresponding to the sequence of the dsRNA and that the mKNA is 
cleaved at 21-23 nt intervals, strongly indicating that the 21-23 nt fingments fixnn 
the dsiRNA are targeting the cleavage of the mKNA. Furthemiore, as described in 

15 Examples 3 and 4, when the 21-23 nt fiiagments are purified and added back to the 
soluble extract, they mediate KNA. 

The present invention is illustrated by the following examples, which are not 
intended to be limiting in any way. 

Bcample 1 Targeted mKNA degradation by double-stranded KNA in vitro 
20 Materials and Methods 
RNAs 

Rr-Luc mKNA consisted of the 926 nt Rr luciferaise coding sequence flanked 
by 25 nt of 5* untranslated sequeiice fix)m the pSP64 plasmid polyiinker and 25 nt of 
3* untranslated sequrace consisting of 19 nt of pSP64 plasmid polyiinker sequence 

25 followed by a 6 nt Sac I site. Pp-Luc mKNA contained the 1653 nt Pp luciferase 
coding sequence with a Kpn I site introduced izumediately before the Pp luciferase 
stopcodon. ThePp coding sequence was flanked by 5* untranslated sequences 
consisting of 21 nt of pSP64 plasmid polyiinker followed by the 512 nt of the 5' 
untranslated region (UTR) from the DrosopMla hunchback mKNA and 3' 

30 untranslated sequmces consisting of the 562 nt hunchback 3' UTR followed by a 6 
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nt Sac I site. The hunchback 3' UTR sequeaces used contained six G-to-U mutations 
that disrupt function of the Nanos Response Elements in vivo and in vitro. Both 
reporter mKNAs tenninated in a 25 nt poly(A) tail encoded in the transoibed 
plasmid. For both Rr-Luc and Pp -Luc mRNAs, Uic transcripts were generated by 
5 run-off transcription from plasmid templates cleaved at an Nsi I site that 

immediately followed the 25 nt encoded poly(A) taiL To ensure that the transcripts 
ended with a poly(A) tail, the Nsi I-cleaved transcription templates were resected 
with T4DNA Polymerase in the presence of dNTPs. The SP6 mMessag^ mMachine 
kit (Ambion) was used for in vitro transcription. Using this kit, about 80% of the 

10 resulting transcripts are 7-methyl guanosine c^ped. ^^-radiolabeling was 
accomplished by including a-^^P-UTP in the transcription reaction. 

For Pp -Luc, ss, as, and dsRNA corresponded to positions 93 to 597 relative 
to the start of translation, yielding a 505 bp dsRNA. For Rr -Luc, ss, as, and dsRNA 
corresponded to positions 118 to 618 relative to the start of translation, yielding a 

15 501bpdsRNA. The Drosophila nanos competitor dsRNA corresponded to positions 
122 to 629 relative to the start of translation, yielding a 508 bp dsRNA. ssKNA, 
asRNA, and dsRNA (diagrammed in Figure 1) were transcribed in vitro with T7 
RNA polymerase fiom templates generated by the polymerase chain reaction. After 
gel purification of the T7 RNA transcripts, residual DNA template was removed by 

20 treatment with RQl DNase (Promega). The RNA was then extracted with phenol 
and chloroform, and then precipitated and dissolved in water. 
RNA annealing and native gel electrophoresis. 

ssRNA and asRNA (0.5 yM) in 10 mM Tris-HQ (pH 7.5) with 20 mM NaCl 
were heated to 95 Cfor 1 min then cooled and annealed at room temp^ture for 12 

25 to 16 h. The RNAs were precipitated and resuspended in lysis buffer (below). To 
monitor annealing, RNAs were electrophoresed in a 2% agarose gel in TBE buffer 
and stained with ethidium bromide (Sambrook et aL, Molecular Qoning. Cold 
Spring Harbor Laboratory Press, Plainview, NY. (1989)). 
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Lysate pieparation 

Zoo- to two-hour old embryos from OregonR flies were collected on 
yeasts molasses agar at 25'C. Embryos were dechorionated for 4 to 5 min in 50% 
(v/v) bleach, washed with water, blotted dry, and transferred to a chilled 
5 Potter-Elvehjem tissue grinder (Kontes). Embryos were lysed at 4'C in one ml of 
lysis buffer (100 mM potassium acetate, 30 mM HBPES-KOH, pH 7.4, 2 mM 
magnesium acetate) containing 5 mM difhiqthreitol (DTT) and 1 mg/nd Pefibloc SC 
(Boehringer-Mannheim) per gram of damp embryos. The lysate was centrifiiged for 
25 min at 14,500 x g at 4'C, and the si?)ematant flash fix)zen in aliquots in liquid 
10 nitrogen and stored at -80*C. 



Reaction conditions 

Lysate preparation and reaction conditions were derived from those 
described by Hussain and Leibowitz (Hussain and Leibowitz, Gene 46:13-23 
(1986)). Reactions contained 50% (v/v) lysate, mRNAs (10 to 50 pM final 

15 concentration), and 10% (y/v) lysis buffo: containing the ssRNA, asRNA, or dsRNA 
(10 nM final concentration). Each reaction also contained 10 mM creatine 
phosphate, 10 pgtol creatine phospholdnase, 100 pM GTP, 100 (iMUTP, 100 jiM 
CTP, 500 |iM ATP, 5 |iM DTT, 0.1 U/mL KNasm (Promega), and 100 [iM of each 
amino acid The final concentration of potassium acetate was adjusted to 1 00 mM. 

20 For standard conditions, the reactions were assembled on ice and then pre-incubated 
at 25' C for 10 min before adding mRMA. After adding mKNAs, the incubation was 
continued for an additional 60 min. The 1 0 tnin preincubation step was omitted for 
the experiments in Figures 3 A-3C tod 5A-5C. Reactions were quenched with four 
volumes of i-25x Passive Lysis Buffer (Promega). Pp and Rrludfetase activity 

25 was detected in a Monolight 2010 Luminometer (Analytical Luminescence 
Laboratory) usmg the pual-Lucifiarase Rqwrter Assay System (Promega). 

SNAstabiHty 

Reactions with ^-radiolabeled mRMA were quenched by the addition of 40 
volumes of 2x PK buffer (200 mM Tris-HCl, pH 7.5, 25 mM EDTA, 300 mM NaCl. 
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2% wA^ sodium dodecyl sulfete). Proteinase K (E.M, Merck; dissolved in water) 
was added to a final conceatration of 465 \igfxxil' The reactions were tten inctibated 
for 15 min at 65' C, extracted with phenol/chlorofonnAsoamyl alcohol (25:24:1), 
and precipitated with an equal volume of isopropanoL Reactions were analyzed by 
5 electrophoresis in a foimaldehyde/agarose (0.8% wAr) gel (Sambrook et al.. 

Molecular Cloning. Cold Spring Harbor Laboratory Press, Plainview, NY. (1989)), 
Radioactivity was detected by exposing the agarose gel [dried under vacuum onto 
Nytran Plus membrane (Amersham)] to an image plate (Pujix) and quantified using 
a Fujix Bas 2000 and Image Gauge 3.0 (Fujix) software. 

10 Commercial lysates 

Untreated rabbit reticulocyte lysate (Ambion) and wheat germ extract 
(Ambion) reactions were assembled according to the manufacturer's directions. 
dsRNA was incubated in the lysate at 27'C (wheat geim) or 30'C (reticulocyte 
lysate) for 10 min prior to the addition of mRNAs. 

15 Results and Discussion 

To evaluate if dsRNA could specifically block gene expression in vitro, 
reporter mRNAs derived from two diflferent luciferase genes that are unrelated both 
in sequence and in luciferin substrate specificity were used: ReniUa reniformis (sea 
pansy) lucif^^e (Rr-Luc) and Photuris pennsylvanica (firefly) luciferase (Pp-Luc). 

20 dsRNA gen^ted from one gene was used to target that luciferase mRNA whereas 
the other luciferase roKNA was an internal control co-translated in the same 
reaction. dsRNAs of approximately 500 bp were prepared by transcription of 
polymerase-chain reaction products from the Rr-Luc and Pp-Luc genes. Each 
dsRNA began —100 bp downstream of the start of translation (Figure 1). Sense (ss) 

25 and anti-sense (as) RNA were transcribed in vitro and annealed to each other to 

produce the dsRNA. Native gel electrophoresis of the individual Rr 501 and Pp 505 
nt as RNA and ssRNA used to form the Rr and PpdsRNAs was preformed. The 
ssRNA, asRNA, and dsRNAs were each tested for their ability to block specifically 
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expression of tiieir cogpate mRNA but not tiie expression of the unrelated intemal 
control laRNAu 

The ssRNA, asKNA, or dsRNA was incubated for 10 min in a reaction 
containing Drosophila enibiyo lysate, then both Pp-Luc and Rr-Luc mKNAs were 
5 added and the incubation continued for an additional 60 min. The Drosophila 
anbryo lysate efficiently translates exogenously transcribed mRNA under the 
conditions used. The amounts of Pp-Luc and Rr-Luc enzyme activities were 
measured and were used to calculate ratios of either Pp-Luc/Rr-Luc (Figure 2A) or 
Rr-Luc/Pp-Luc (Figure 2B), Tofacihtatecomparisonof different e^qjeriments, the 

10 ratios firom each experiment were normalized to the ratio observed for a control in 
which buJBFer was added to the reaction in place of ssRNA, asKNA, or dsRNA. 

Figure 2A shows that a 10 nM concentration of the 505 bp dsRNA identical 
to a portion of the sequence of the Pp-Luc gene specifically inhibited expression of 
the Pp- Luc mRNA but did not affect expression of the Rr-Luc internal control 

15 Neither ssRNA nor asRNA affected expression of Pp-Luc or the Rr-Luc intemal 
control. Thus, Pp-Luc expression was specifically inhibited by its cognate dsRNA. 
Conversely, a 10 nM concentration of the 501 bp dsRNA directed against the Rr-Luc 
mRNA specifically inhibited Rr-Luc expression but not that of the Pp-Luc intemal 
control (Figure 2B). Again, comparable levels of ssRNA or asRNA had littie or no 

20 effect on expression of either reporter mRNA. On average, dsRNA reduced specific 
luciferase e3q>ression by 70% in these experiments, in which luciferase activity was 
measured after 1 h incubation. In other experiments in which the translational 
capacity of the reaction was replenished by the addition of firesh lysate and reaction 
components, a fiufher reduction in targeted luciferase activity relative to the intemal 

25 control was observed. 

The ability of dsRNA but not asRNA to inhibit gene expression in these 
lysates is not merely a consequence of the greater stability of the dsRNA (half-life 
about 2 h) relative to ttie single-stranded RNAs (half-life ~ 10 min). ssRNA and 
asRNA transcribed with a 7-methyl guanosine cap were as stable in the lysate as 

30 uncapped dsRNA, but do not inhibit gene expression, hi contrast, dsRNA formed 
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fix>m capped ssRNfA and asRNA specifically blocks e3q>xession of the taigeted 
mRNA. 

Efiective KNAi in Diosophila requires the injection of about 0.2 finol of 
dsRNA into a syncytial blastodemi embryo (KCTneideU and Carthew, Cell 
5 95:1017-1026 (1998); Carfliew, 

wwwl,pitLedu/-«ar£hew/manual/RNAiJEh:otocoliitn^ (1999)). Since the average 
volume of a Drosophila embiyo is q)proximately 7.3 nl, this corresponds to an 
intracellular concentration of about 25 nM (Mazor et al., Cryobiology 25:543-544 
(1988)). Gene expression in the Drosophila lysate was inhibited by a comparable 

10 concentration of dsRNA (10 nKQ, but lowering &e dsRNA concentration ten-fold 
decreased the amount of specific interference. Ten nanomolar dsRNA corresponds 
to a 200-fold excess of dsRNA over target mRNA added to the lysate. To test if this 
excess of dsRNA might reflect a time- and/or concentration-dependent step in which 
the input dsRNA was converted to a jform active for gene-specific interference^ the 

15 effect of preincubation of the dsRNA on its ability to inhibit expression of its 

cognate mSNA was examined. Because the translational capacity of the lysates is 
significantly reduced after 30 min of incubation at 25*C (unpublished observations), 
it was desired to ensure that all factors necessary for RNAi remained active 
throughout the pre-incubation period. Therefore, every 30 min, a reaction 

20 containing dsRNA and lysate was mixed with a fiesh reaction containing 

unincubated lysate (Figure 3A). After six successive serial transfers spanning 3 
hours of preincubation, the dsRNA, now diluted 64-fold relative to its original 
concentration, was incubated with lysate and 50 pM of target mRNA for 60 min. 
Finally, the Pp-Luc and Rr-Luc enzyme levels were measured. For comparison, the 

25 ii^ut amount of dsHNA (10 nM) was diluted 32-fold in bu£fer, and its edacity to 
generate gene-specific dsKNA interference in the absence of any prehxcubation step 
was assessed. 

The preincubation of the dsRNA in lysate significantly potentiated its 
capacity to inhibit specific gene expression. Whereas flie dsRNA diluted 32-fold 
30 showed no effect, the preincubated dsRNA was, wifliin experimental error, as potent 
as undiluted dsRNA, despite having undergone a 64-fold dilution. Potentiation of 
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fhe dsRNA by prdncubation was observed for dsRNAs taigetmg both the Pp-Luc 
D3KNA (Figure 3B) and the Rr-Luc mKNA (Figure 3C). Taking into account the 
64-fold dilution, the activation conferred by preincubation allowed a 156 pM 
concentration of dsRNA to inhibit 50 pM target mRNA. Further, dilution of the 
5 "activated" dsKNA may be efifective but has not been tested. We note that although 
both dsRNAs tested were activated by the preincubation procedure, each fiilly 
retained its specificity to interfere with expression only of the mRNA to which it is 
homologous. Further study of Hie reactions may provide a route to identifying the 
mechanism of dsRNA potentiation. 
10 One possible explanation for the observation that preincubation of the 

dsRNA eiihances its edacity to inhibit gene expression in these lysates is that 
' specific factors either modify and/or associate with the dsRNA.. Accordingly, the 
addition of increasing amounts of dsRNA to the reaction might titrate such factors 
and decrease the amount of gene-specific interference caused by a second dsRNA of 
1 5 unrdated sequmce. For bofla Pp-Luc mRNA and Rr-Luc mKNA, addition of 

increasing concentrations of the unrelated Drosophila nanos dsRNA to the reaction 
decreased the amount of gene- specific interference caused by dsRNA targeting the 
reporter mRNA (Figure 4). None of the tested concentrations of nanos dsRNA 
affected the levels of translation of the untargeted n:iRNA, demonstrating that the 

-20 nanos dsRNA specifically titrated &ctors involved in g^e-specific interference and 
not components of the translational machinery. The limiting &ctor(s) was titrated by 
addition of approximately 1000 nM dsRNA, a 200-fold excess over the 5 nM of 
dsRNA used to produce specific interference. 

Interference ixi vitro might reflect either a specific inhibition of mRNA 

25 translation or the targeted destruction of the specific mRNA. To distinguish these 
two possibilities, the fetes of the Pp-Luc and Rr-Luc mRNAs were examined 
directly using ^^-radiolabeled substrates. Stability of 1 0 nM Pp-Luc mRNA or 
Rr-Luc mRNA incubated in lysate with either buffer or 505 bp Pp-dsRNA (10 nM). 
Samples were deproteinized after the indicated times and the ^-radiolabeled 

30 mRNAs were then resolved by denaturing gel electrophoresis. In the absence of 
dsRNA, both the Pp-Luc and Rr-Luc mRNAs were stable in the lysates, with 75% 
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of the input mRNA rcmainms oftor 3 h of incubatioiL (About 25% of the uq>ut 
mRNA is r^idly degraded in the reaction and likely represents uncq)ped mRNA 
generated by the in vitro transcription process.) In the presence of dsRNA (10 nM, 
505 bp) targeting the Pp-Luc mKNA, less than 15% of flie Pp-Luc mRNA remained 
5 after 3 h (Figure 5A). As expected, the Rr-Luc mRNA remained stable in the 

presCTice of the dsRNA targeting Pp-Luc mRNA. Conversely, dsRNA (10 nM, 501 
bp) targeting the Rr-Luc mRNA caused flie destruction of the Rr-Luc mRNA but had 
no effect on the stability of Pp-Luc mRNA (Figure 5B). Thus, the dsRNA 
specifically caused accelerated decay of the mRNA to which it is homologous with 
10 no effect on flie stability of the unrelated control mRNA. This finding indicates that 
in vivo, at least in Drosophila, the effect of dsRNA is to direcfly destabilize the 
target mRNA, not to change the subcellular localization of the mRNA, for example, 
by causing it to be specifically retained in the nucleus, resulting in non-specific 
degradation. 

15 These results are consistent with the observation that RNAi leads to reduced 

cytoplasmic noRNA levels in vivo, as measured by in situ hybridization 
(Montgomery et al., Proc. NatL Acad. Sci. USA 95:15502-15507 (1998)) and 
Northem blotting (Ngo et al., Proc. Nafl. Acad, Sci. USA 95:14687-14692 (1998)). 
Northern blot analyses in trypanosomes and hydra suggest that dsRNA typically 

20 decreases mRNA levels by less than 90% (Ngo et al., Proc. Natl. Acad Sci. USA 
95:14687-14692 (1998); Lohmann et al.. Dev. Biol. 214:21 1-214 (1999)). The data 
presented here show that in vitro mRNA levels are reduced 65 to 85% after three 
hours incubation, an effect comparable with observations in vivo. They also agree 
with the finding that RNAi in C. elegans is post- transcriptional (Montgomery et al., 

25 Proc. Natl. Acad Sci. USA 95:15502-15507 (1998)). The simplest explanation for 
the specific effects on protein synthesis is that it reflects the accelerated rate of RNA 
decay. Howeyer, the results do not exclude independent but specific effects on 
translation as well as stability. 

In vivo, RNAi appears to require a miniTTiUTn length of dsRNA (Ngo et al., 

30 Proc. NatL Acad Sci., USA, 95:14687-14692 (1998)). The abihty of RNA duplexes 
of leugths 49 bp, 149 bp, 505 bp, and 997 bp (diagrammed in Figure 1) to target the 
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degradation of the Pp-Loc mRNA in vitro was assessed. la good agreemeat with in 
vivo observatioDs, the 49 bp dsRNA was ineffective in vitro, while the 149 bp 
dsRNA eDhancedmKNA decay only slighdy, and both the SOS and 997 bp dsKNAs 
caused robust mRNA degradation (Figure SC). SObp dsRNA targeting other 
5 portions of the mRNA cause detectable mRNA degradation, though not as robust as 
that seen for SOObp dsRNA. Thus, although some short dsRNA do not mediate 
RNAi, others of s^iproximately the same length, but different composition, will be 
able to do so. 

Whether 1ho gene-specific interference observed in Drosophila lysates was a 
10 general property ofceU-firee translation systems was exaiiuiied. The effects of 
dsRNAs on expression of Pp-Luc and Rr-Luc mRNA were «amined in 
commercially available wheat gezm extracts and rabbit reticulocyte lysates. There 
was no effect of addition of 10 nM of either ssRNA, asRNA, or dsRNA on the 
expression of eitiier mRNA reporter in wheat germ extracts. Ih contrast, the addition 
IS of 10 nM of dsRNA to the rabbit reticidocyte lysate caused a profound and rapid, 
non-specific decrease in mRNA stability. For exanaple, addition of Rr-Luc dsRNA 
caused degradation of both Rr-Luc and Pp-Luc mRNAs within IS 

TniTi- The same 

non-specific effect was observed vqpoa addition of Pp-Luc dsRNA. The non-specific 
destruction of mRNA induced by the addition of dsRNA to the rabbit reticulocyte 

20 lysate presumably reflects the previously observed activation of RNase L by dsRNA 
(Clemens and Williams, CeU 13:S65-572 (1978); WilKams et al., Nucleic Acids Res. 
6:1335-13S0 (1979); Zhou et al.. Cell 72:753-765 (1993); Matthews, Interactions 
between Viruses and the Cellular Machinery for Protein Synthesis. In Translational 
Control (eds. J. Hershey,M. Mathews and N.Sonenberg), pp. 505-548. Cold 

25 Spring Harbor Laboratory Press, Plainview, NY, (1996)). Mouse cell lines lacking 
dsRNA-induced anti-viral pathways have recently been described (Zhou et aL, 
Virology 258:435-440 (1999)) and may be useful in the search for mammalian 
RNAi. Althougfh RNAi is known to exist in some manamalian cells (Wianny and 
Zemicka-Goetz Nat Cell Biol. 2: 70-75 (2000)), in many manmwlian cell types its 

3 0 presence is likely obscured by the rapid induction by dsRNA of non-specific 
anti-viral responses. 
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dsRNA-targeted destructioii of specdfic mRNA is characteristic of ItNAi, 
whidi has been observed in vivo in many oiganisms^ including Drosophila. The 
syston described above recapitulates in a reaction in vitro many aspects of KNAi, 
The targeted mKNA is specifically degraded whaeas unrelated control mRNAs 
5 present in the same solution are not affected The process is most efBcient with 
dsRNAs greater than 150 bp in length. The dsRNA-specific degradation reaction in 
vitro is probably general to many, if not all, mKNAs since it was observed using two 
unrelated gmes. 

The magnitude of the effects on mRNA stability in vitro described herein are 

10 comparable with those reported in vivo (Ngo et al., Proc. NatL Acad, Sci., USA, 

95:14687-14692 (1998); Lohmann et al.. Dev. Biol., 214:211-214 (1999). However, 

I. 

the reaction in vitro requires an excess of dsRNA relative to mRNA. hi contrast,. a 
few molecules of dsRNA per cell can inhibit gene expression in vivo (Fire et aL, 
Nature, 391: 806-811 (1998); Kemierdell and Carthew, CeU, 95:1017-1026 (1998)). 

15 The difference between the stoichiometry of dsRNA to target mRNA in vivo and in 
vitro should not be surprising in that most in vitro reactions are less efi&cient than 
their corresponding in vivo processes. Interestringly, incubation of the dsRNA in the 
lysate greatly potentiated its activity for RNAi, indicating that it is eitha: modified or 
becomes associated with other factors or both. Perh^s a small number of molecules 

20 is effective in inhibiting the targeted mRNA in vivo because the injected dsRNA has 
been activated by a process similar to that reported here for RNAi in Drosophila 
lysates. 

Example 2 Double-Stranded RNA directs the ATP-dependent cleavage of 
mRNA at 21 to 23 nucleotide intervals 
25 Metiiods and Material 
In vitro RNAi 

In vitro RNAi reactions and lysate preparation were as described in Example 
1 (Tuschl et al.. Genes Dev., 13:3191-7 (1999)) except that the reaction contained 
0.03 g/?ml creatine Idnase, 25 ^M creatine phoq)hate(Fluka), and In^ 
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Creadne pho^hate was fireshly dissolved at SOO xnM in water for each experiment. 
GTP was omitted fiom the teactions, exc^t in Figoies 2 and 3. 

RNA Syafbesis. 

Pp-luc and Sr-luc mRNAs and Pp- and Rr-dsKNAs (including dsRNA in 
5 Figure 6) were synthesized by in vita) transcription as described previously (Tuschl 
et aL, Genes Dev., 13:3191-7 (1999)). To generate transcription templates for 
dsRNA 'C,' the 5' sense RNA primer was 

gcgtaatacgactcactataGAACAAAGGAAACGGATGAT (SEQ ID NO: 2) and the 3' 
sense KNA primer was GAAGAAGTTATTCTCCAAAA (SEQ ID NO: 3); the 5' 
10 asRNA primer was gcgtaatacgactcactataGAAGAAGTTATTCTCCAAAA (SEQ ID 
NO: 4)and the 3' asRNA primer was GAACAAAGGAAACGGATGAT (SEQ ID 
NO: 5). For dsRNA 'A' the 5' sense RNA primer was 

gcgtaatacgactcactataGTAGCGCGGTGTATTATACC (SEQ ID NO: 6)and ttie 3' 
sense RNA primer was GTACAACGTCAGGTTTACCA (SEQ ID NO: 7); the 5' 

15 asRNA primer was gcgtaatacgactcactataGTACAACGTCAGGTTTACCA (SEQ ID 
NO: 8)and the 3' asRNA primer was GTAGCGCGGTGTATTATACC (SEQ ID 
NO: 9) (lowercase, T7 promoter sequence). 

mRNAs were 5'-end-Iabeled using guanyiyl transferase (Gibco/BRL), S- 
adenosyl methionine (Sigma), and a-^^-GTP (3000 Ci/mmol; New England 

20 Nuclear) according to the manufacturer's directions. Radiolabeled RNAs were 
purified by poly(A) selection using the Poly(A) Tract HI kit (Promega). 
Nonradioactive 7-methyl- guanosine- and adenosine-capped RNAs were synthesized 
in in vitro transcription reactions with a 5-fold excess of 7-mefliyl-G(5')ppp(5')G or 
-A^(5')ppp(50G relative to GTP. Cap analogs were purchased from New England 

25 Biolabs. 

ATP depletion and Proteni Synthesis Inhibition 

ATP was depleted by incubating the lysate for 10 minutes at 25*C with 2 
mM glucose and 0.1 U/ml hexokinase (Sigma). Protein synthesis inhibitors were 
purchased from Sigma and dissolved in absolute ethanol as 250-fold concentrated 



wo 01/75164 



PCT/USOl/10188 



-31- 

stocks. The final concentrations of inhibitors in the reaction weie: anisomycin, S3 
mg^il; cyclohG3dmide^ 100 mg^ml; chloramphenicol^ 100 m^mL Relative pix>tein 
synthesis was detCTnined by measuring the activity of Rr luciferase protein 
produced by translation of the Rr-luc mRNA in &e RNAi reaction after 1 hour as- 
5 described previously (Tuschl et al,. Genes Dev., 13:3 191-7 (1999)). 

Analysis of dsiRNA Processing 

Ihtemally a-^-ATP-labeled dsRKAs (505 bp Pp-luc or 501 Rr-luc) or 7-me1hyl- 
guanosine-capped Rr-luc antisense RNA (501 nt) were incubated at 5 nM fitial 
concentration in the presence or absence, of unlabeled mRNAs in Diosophila lysate 

10 for 2 hours in standard conditions. Reactions were stopped by the addition of 2x 
proteinase K buffer and deproteinized as described previously (Tuschl et al.. Genes 
Dev., 13:3191- 3197 (1999)). Products were analyzed by electrophoresis in 15% or 
18% polyacrylamide sequencing gels. Leiigtfa standards were geaerated by complete 
RNase Tl digestion of a-^-ATP-labeled 501 nt Rr-luc sense RNA and adRNA. 

15 For analysis of mRNA cleavage, 5'-^*P-radiolabeled ndlNA (described 

above) was incubated with dsRNA as described previously (Tuschl et al.. Genes 
Dev., 13:3191- 3197 (1999)) and analyzed by electrophoresis in 5% figure 5B) and 
6% (Figure 6C) polyaciylainide sequencing gels. Lengdi standards included 
commercially available RNA size standards (FMC Bioproducts) radiolabeled with 

20 guanylyl transferase as described above and partial base hydrolysis and RNase Tl 
ladders generated &om the 5 '-radiolabeled mRNA. 

Deamination Assay 

Internally a-^^-ATP-labeled dsENAs (5 nM) were incubated in Drosophila 
lysate for 2 hours at standard conditions. Afier deproteinization, samples were run 
25 on 12% sequencing gels to separate full-lengfh dsRNTAs from the 21-23 nt products. 
RNAs were eluted fix>m flie gel slices in 0.3 M NaCl overnight, ethanol-precipitated, 
collected by centrifugation, and redissolved in 20 pi water. The RNA was 
hydrolyzed into nucleoside 5 -phosphates wifli nuclease PI (10 ^1 reaction 
containing 8 fil RNA in water, 30 mMKOAcpH 5.3, 10mMZnSO4,10 figor3 
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imits nuclease PI, 3 hours, 50** C). Samples (1 ml) were co-spotted with 
non-radioactive 5 -mononucleotides [0.05 OD. units (A^^ of pA, pC, pG, pi, and 
pU] on cellulose HPTLC plates (EM Merck) and separated in the first dimension in 
isobutyiic acid/25% ammonia/water (66/1/33, v/v/v) and in the second dimension in 
5 O.IM sodium phosphate, pH 6.8/ammomum sulfete/l-propanol (100/60i^, v/w/v; 
Silberkiang est al., 1979). ^figradon of the non- radioactive int^al standards was 
determined by UV-sbadowing. 

Results and Discussion 
RNAi Requires ATP 

10 As described in Example 1, Drosophila embryo lysates faidifiilly recq>itulate 

RNAi (Tuschl et al., Genes Dev., 13:3191-7 (1999)). Previously, dsRNA-mediated 
gene silencing was monitored by measuring the synthesis of luciferase protein Scorn 
the targeted mRNA. Thus, these RNAi reactions contained an ATP-regenerating 
system, needed for the efficient translation of Ihe mRNA. To test if ATP was, in 

15 feet, required for RNAi, the lysates were depleted for ATP by treatment with 
hexokinase and glucose, which converts ATP to ADP, and RNAi was monitored 
directly by following the fete of ^^-radiolabeled Renilla reniformis luciferase 
(Rr-luc) mRNA (Figure 6). Treabnrait with hexokinase and glucose reduced the 
endogenous ATP level in the lysate ftom 250 nM to below 10 jiM. ATP 

20 regeneration required both exogenous creatine phosphate and creatine kinase, which 
acts to transfer a higji-energy phosphate fiom creatine phosphate to ADP, When 
ATP-depleted extracts were supplemented with either creatine phosphate or creatine 
kinase separately, no RNAi was observed. Therefore, RNAi requires ATP in vitro. 
When ATP, creatine phosphate, and creatine kinase were all added together to 

25 reactions containing the ATP-depleted lysate, dsRNA-dependent degradation of the 
Rr-luc mRNA was restored (Figure 6). The addition of exogenous ATP was not 
required for efiScient RNAi in the depleted lysate, provided that both creatine 
phosphate and creatine kinase were present, d«nonstrating that the endogenous 
concentration (250 mM) of adenosine nucleotide is sufficient to support RNAi. 

30 RNAi with a Photinus pyialis luciferase (Pp-luc) mRNA was also ATP-dependent 
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The Stability of the Rr-luc mRNA in the absence of Rr-dsRNA was reduced 
in ATP-depleted lysates relative to that observed when the energy regeneratmg 
system was included, but decay of Ihe mRNA under these conditions did not display 
the rapid decay kinetics characteristic of RNAi m vitro, nor did it genraate the stable 
5 mKNA cleavage products characteristic of dsRNA-directed RNAi. These 

experiments do not establish if the ATP requirement for RNAi is direct, implicating 
ATP in one or more steps in tte RNAi mechanism, or indirect, reflecting a role for 
ATP in ma i nt a in in g high concentrations of another'nucleoside triphosphate in the 
lysate. 

10 Translation Is Not Required for RNAi hi Vitro 

The requirement for ATP suggested that RNAi mi^t be coupled to mRNA 
translation, a highly mergyrdepCTdent process. To test this possibility, various 
inhibitors of protein synthesis were added to the reaction by preparing a denaturing 
agarose-gel analysis of 5'-32P-radiolabeled Pp-luc mRNA a£l©r mcubation for 

1 5 mdicated times ui a standard RNAi reaction with and without protem synthesis 
inhibitors. Tbe eukaiyotic translation inhibitors anisomycin, an inhibitor of initial 
peptide bond formation, cyclohexunide, an inhibitor of peptide chain elongation, and 
puromycin, a tElNA mimic which causes premature tenninadon of translation 
(Cundliffe, Antibiotic hihibitors of Ribosome Function. In The Molecular Basis of 

20 Antibiotic Action, E. Gale, B. Cundliffe, P. Reynolds, M. Richmond and M. 

Warning, eds. (New York: Wiley), pp. 402-547. (1981)) were tested Each of these 
inhibitors reduced protein synthesis in the Drosophila lysate by more than 1 ,900-fold 
(Figure 7A), In contrast, chloramphenicol, an inhibitor of Drosophila mitochondrial 
protein synthesis (Page and Orr-Weaver, Dev. Biol., 183:195-207 (1997)), had no 

25 effect on translation in the lysates ^Figuie 7A). Despite the presence of anisomycin, 
cycloheximide, or chloramphenicol. RNAi proceeded at normal eflBciency. 
Puromycin also did not perturb eflBdent RNAL Thus, protein synthesis is not 
required for RNAi in vitro. 

Translational initiation is an ATP-dependent process that involves 

30 recognition of the 7-methyl guanosine c^ of the mRNA (Kozak, Gene, 234:187-208 
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(1999); Merrick and Hershey, The Pathway and Mechanism of Eukaiyotic Protein 
Synthesis. In Translational Control, J. Hershey. M, Mathews and N. Sonehberg, eds. 
(Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press), pp. 31-69 (1996)). 
The Drosophila lysate used to support KNAi in vitro also reci^itulates the 
5 c^Miependence of translation; Pp-lnc'mKNA with a 7-methyl-guanosine was 
translated greater than ten-fold more efficiently than was the same mRNA with an 
A(5')ppp(5')G cap (Piguie 7B). Both RNAs were equaUy stable in the Drosophila 
lysate, showing that this difference in efficiency cannot be merely explained by more 
rq)id decay of ttie mRNA with an adenosxae c^ (see also Gebauer et al., EMBO J., 
10 18:6146-54 (1999)). Although the translational machinery can discriminate between 
Pp-luc noKNAs with 7- mefhyl-guanosine and adenosine caps, the two mRNAs were 
equaUysuscqptible to RNAi in the presence of Pp-dsRNA (Figure 7Q These 
results suggest that stqps in c^ recognition are not'involved in RNAi. 

dsRNA Is Processed to 21-23 nt Species 

15 RNAs 25 nt in length are generated fiom both the sense and anti-sense 

strands of genes undergoing post-transcriptional gene silencing in plants (Hamilton 
andBanlcombe, Science, 286:950-2 (1999)). Denaturing aciylamide-gel analysis of 
the products formed in a two-hour incubation of uniformly ^^-radiolabeled dsRNAs 
and capped asRNA in lysate under standard RNAi conditions, in the presence or 

20 absence of target mRNAs. It was found that dsRNA is also processed to smaU RNA 
fragm^ts. When incubated in lysate, approximately 15% of the input radioactivity 
of both the 501 bp Rr-dsRNA and the 505 bp Pp-dsRNA appeared in 21 to 23.nt 
RNA fragments. Because the dsRNAs are more than 500 bp in length, the 15% 
yield of fragments implies that multiple.21-23 nt RNAs are produced from each 

25 full-length dsRNA molecule. No other stable products were detected The small 
RNA species were produced from dsRNAs in vMck both strands were uniformly 
^-radiolabeled. Formation of the 21-23 nt RNAs from the dsRNA did not require 
the presence of the corresponding mRNA, demonstrating that the small RNA species 
is generated by processmg of flie dsRNA. rather than as a product of 
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dsKNA-targeted niRNA degradation. Jt was noted flmt 22 nucleotides cotiesponds 
to two turns of an A-fonn RNA-KNA helix. 

When dsRNAs radiolabeled within either the sense or the anti-sense strand 
were incubated with lysate in a standard RNAi reaction, 21-23 nt RNAs were 
5 generated wifli comparable efficiency. These data siqiport the idea that the 21-23 nt 
RNAs are generated by symmetric processing of the dsRNA A variety of data 
support the idea that the 21-23 nt RNA is efficiently generated only fiom dsSNA 
and is not the consequence of an intraaction between single-stranded RNA and the 
dsRNA. First, a ^*P-radiolabeled 505 nt Pp-luc sense RNA or asRNA was not 

10 efficiently converted to the 21-23 nt product when it was incubated with 5 nM 
nonradioactive 505 bp Pp- dsRNA. Second, in flie absence of mRNA, a 501 nt 
7-methyl-guanosine-c^ped Rr- asRNA produced only a barely detectable amount 
of 21-23 nt RNA (capped single- stranded RNAs are as stable in flie lysate as 
dsRNA, Tuschl et aL, Genes Dev., 13:3191- 7 (1999)), probably due to a small 

15 amount of dsRNA contaminating the anti-sense prgparadon. However, when Rr-luc 
mRNA was included in the reaction with the radiolabeled, capped Rr-asRNA, a 
small amount of 21-23 nt product was generated, corresponding to 4% of the amount 
of 21-23 nt RNA produced from an equimolar amount of Rr-dsRNA. This result is 
unlikely to reflect the presence of contaminating dsRNA in the Rr-asRNA 

20 preparation, since significantly more product was generated fiiom the asRNA in the 
presence of the Rr-luc mRNA than in the absence. Instead, the data suggest that 
asRNA can interact with the complemmtary mRNA sequmces to form dsiRNA in 
the reaction and that the resulting dsRNA is subsequently processed to the small 
RNA-speeies. Rr-asRNA can support a low level of bona fide RNAi in vitro (see 

25 below), consistent with this explanatioiL 

It was next asked if production of the 21-23 nt RNAs &om dsRNA required 
ATP. When the 505 bp Pp-dsRNA was incubated in a lysate depleted for ATP by 
treatment with hexokinase and glucose, 21-23 nt RNA was produced, albeit 6 times 
slower than when ATP was regenerated in the depleted lysate by the inclusion of 

30 creatine kinase and creatine phosphate. Therefore, ATP may not be required for 
production of flie 21-23 nt RNA species, but may instead simply enhance its 



wo 01/75164 



PCTAJS0iyi0188 



-36- 

fonnation. Alternatively; ATP may be required for processing of the dsRNA, but at 
a concentration less than tbat TtmainiTig flftwr liRfvnTri^fly> tty-^tm^t The molecular 
basis for the slower mobility of the small KNA firagments generated in the 
ATP-depleted lysate is not miderstood. 
5 Wagner and Sun (Wagner and Sun, Nature, 391 :744-745 (1998)) and Sharp 

(Sharp, Genes Dev., 13:139-41 (1999)) have speculated that the requirement for 
dsRNA in gene silencing by KNAi reflects the involvement of a dsRNA-specific 
adenosine deaminase in the process. dslRNA adenosine deaminases unwind dsRNA 
by converting adenosine to inosine, which does not base-pair with uracil. dsRNA ' 

10 adenosine deaminases function in the post-transcriptional editing of mRNA (for 
review see Bass, Trends BiocheuLSci., 22:157-62 (1997)), To test for the 
involvement of dsRNA adenosine deaminase in RNAi, the degree of conversion of 
adenosine to inosine in the 501 bp Rr-luc and 505 bp Pp-luc dsRNAs after 
incubation with Drosophila embryo lysate in a standard in vitro RNAi reaction was 

15 examined. Adoiosinedearnination in full-length dsRNA and the 21-23 ntRNA 
species was assessed by two-dimensional thin-layer chromatogrq>hy. Inorganic 
phosphate (Pj,) was produced by the degradation of mononucleotides by 
phosphatases that contaminate commercially available nuclease PI (Auxilien et al., 
J. MoL Biol., 262:437-458 (1996)). The degree of adenosine deamination in the 

20 21-23 nt species was also deteraiined. The full-length dsRNA radiolabeled with 
P^]-adenosine was incubated in the lysate, and both the full-length dsRNA and the 
21-23 nt RNA products were purified &om a denaturing acrylamide gel, cleaved to 
mononucleotides with nuclease PI, and analyzed by two-dimensional thin- layer 
chromatography. 

25 A significant fiction of the adenosines in the full-length dsRNA were 

converted to mosine after 2 hours (3.1% and 5.6% conversion for Pp-luc and Rr-luc 
dsRNAs, respectively). In contrast, only 0.4% (Pp-dsRNA) or 0.7% (Rr-dsRNA) of 
the adenosines in the 21-23 nt species were deaminated. These data imply that 
fewer than 1 in 27 molecules of the 21-23 nt RNA species contain an inosine, 

30 Therefore, it is unlikely that dsKNA-dependent adenosine deamination within the 
21-23 nt species is required for its productiozL 
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asRNA Generates a Small Amount ofRtJAi in vitxo 

When xnBNA was ^-ladiolabeled within tiie 5'-7-meth^-guanosine cap, 
stable S' decay products accumulated during tbe RNAi reaction. Such stable 
S'decay products were observed for both the Pp-luc and Rr-luc mSNAs when they 
5 were incubated with their cognate dsRNAs. Previously, it was reported that efficient 
RNAi does not occur ^en asRNA is used in place of dsRNA (Tuschl et al., Gm&s 
Dev., 13 :3 191-7 (1999)). Nevertheless, mRNA was measurably less stable when 
incubated with asRNA than with buffer (Figures 8 A and 8B). This was particulaxly 
evident for the Rr-luc mRNA: s^proxunately 90% of the RNA rranained intact after 

10 a 3-hour incubation in lysate, but only 50% when asRNA was added Less than S% 
remained when dsRNA was added. Interestingly, tiie decrease in mRNA stabiUty 
caused by asRNA was accompanied by the formation of a small amount of the stable 
V S'-decay products characteristic offlie RNAi reaction with dsRNA. This finding 
parallels the observation that a small amount of 21- 23 nt product formed fiom the 

IS asRNA when it was incubated with the mRNA (see above) and lends strength to the 
idea (hat asRNA can entK* the RNAi pathway, albeit inefficiently. 

mRNA Cleavage Sites Are Determined by the Sequence of the dsRNA 

The sites of mRNA cleavage were examined using three differmt dsRNAs, 
'A,* "B,* and 'C,' displaced along the Rr-luc sequence by approximately 100 nts. 

20 Denaturing aczylamide-gel analysis of the stable, 5'-cleavage products produced 
after incubation of the Rr-luc mRNA for the radicated times with each of the three 
dsRNAs, 'A,' B,' and 'C,' or witti buffer (0) was performed. The positions of these 
relative to ttie Rr-luc mRNA sequence are shown in Figure 9. Each of the three 
dsRNAs was incubated in a standard RNAi reaction with Rr-luc mRNA 

25 ^P-radiolabeled within the S'-C£^. In the absence of dsRNA, no stable 5'-cleavage 
products were detected for tiie mRNA, even after 3 hours of incubation in lysate. In 
contrast, after a 20-minute incubation, each of the three dsRNAs produced a ladder 
of bands corresponding to a set of mRNA cleavage products characteristic for that 
particular dsRNA. For each dsRNA, the stable, 5' mRNA cleavage products were 

30 restricted to the region ofthe Rr-luc inRNA that corresponded to the dsRNA 
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(Figures 9 and 10). For dsRNA 'A,' the lengflis of the 5'- cleavage products ranged 
txsm 236 to just under -750 nt; dsRNA 'A' spans nucleotides 233 to 729 of the 
Rr-lucmRNA Incubation of fee mW^A with dsMJAB'prodiicedmRN^ 
5'-cleavage products ranging in length fiom 150 to -600 nt; dsRNA B' spans 
5 nucleotides 143 to 644 of the mRNA Finally, dsRNA 'C produced mRNA cleavage 
products fix)m 66 to -500 nt in lengttx. This dsRNA spans nucleotides 50 to 569 of 
the Rr-luc mRNA. Iherefore, the dsKNA not only provides spedjScity for the RNAi 
reaction, selecting which mKNA fiom the total cellular mRNA pool wiU be 
degraded, but also determines the precise positions of cleavage along the mRNA 
10 sequence. 

The mRNA Is Cleaved at 21-23 Nucleotide Intervals 

To gain further insight into the mechanism of RNAi, the positions of several 
mRNA cleavage sites for each of the ftree dsRNAs were mapped (Figure 10). High 
resolution denaturing acrylaniid&-gel analysis of a subset of &e S'-cleavage products 

15 described above was performed. Remarkably, most of the cleavages occurred at 
21-23 nt intervals (Figure 10). This spacing is especially striking in light of our 
observation that the dsRNA is processed to a 21-23 nt RNA species and the finHing 
of Hamilton and Baulcombe that a 25 nt RNA correlates with post-transcriptional 
gene silmcmg in plants (Hamilton and Baulcoinbe, Science, 286:950-2 (1999)). Of 

20 the 16 cleavage sites we m^ed (2 for dsRNA 'A,* 5 for dsRNA B," and 9 for 
dsRNA '(?), all but two reflect the 21-23 nt interval. One of the two exceptional 
cleavages was a weak cleavage site produced by.dsRNA 'C (indicated by an open 
blue circle in Figure 10). This cleavage occurred 32 nt 5' to the next cleavage site. 
The other exception is particularly intriguing. After four cleavages spaced 21-23 nt 

25 apart, dsRNA 'O caused cleavage of the mRNA just nine nt 3' to the previous 

cleavage site (red arrowhead in Figure 10). This cleavage occurred in a run of seven 
uracil residues and appears to "reset" the ruler for cleavage; the next cleavage site 
was 21-23 nt 3' to the exceptional site. The toee subsequent cleavage sites that we 
mapped wctb also spaced 21-23 nt cpait (furiously, of the sixteen cleavage sites 

30 caused by the three different dsRNAs, fourteen occur at uracil r^dues. The 
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significance of this finding is not understood, but it suggests fliat mRNA cleavage is 
detamined by a process which measures 21-23 nt intervals and which has a 
sequence preference for cleavage at uradL Results show that flie 21-23 nt RNA. 
species produced by incubation of -500 bp dsRNA in the lysate caused sequ^ce- 

5 specific interference in vitro whoi isolated filom an acrylamide gel «id added to a 
new RNAi reaction in place of flie fiill-leaagOi dsRl^IA. 

A Model for dsRNTA-directed mKNA Qeavage 

Without wishing to be bound by theory, flie biochemical data described 
heran, togefljer wifli recait genetic experiments in C. elegans and Neurospora 
10 (Cogoni and Madno. Nature, 399:166-9 (1999); Grishok et al.. Science, 287: 2494-7 
(2000); Ketting et aL, Cell. 99:133-41 (1999); Tabaraet al.. Cell, 99:123-32 (1999)), 
suggest a model for how dsRNA targets mENA for destruction (Figure 11). In this 
model, the dsKNA is first cleaved to 21-23 nt long fiagmeots in aprocess Kkesly to 
involve genes such as the C. elegans lod rde-l and rde-4. The resulting fragments. 
15 probably as short asRNAs bound by RNAi-spedfic proteins, would then pair with 
flie mRNA and rerauit a nuclease fliat cleaves llie mRNA Alternatively, strand 
exchange could occur in a protdn-RNA conq)lex that transientiy holds a 21-23 nt 
dsKNA fiagment close to the mRNA Separation of the two strands of the dsRNA 
following fi»gmentation might be assisted by an ATP-dependent RNA heUcase, 
20 e3q)laining the observed ATP enhancement of 21-23 nt RNA production. 

It is likely that each small RNA fragment produces one, or at most two, 
cleavages m the mRNA. perhqjs at the 5' or 3' ends of the 21-23 nt fragment The 
small RNAs may be amplified by an RNA-directed RNA polymerase such as that 
encoded by the ego-l gene in C. elegans (Smardon et aL, Current Biology, 
25 10:169-178 (2000)) or the qde-1 gene in Neurospora (Cogoni and Macino, Nature, 
399:166-9 (1999)), producing long.lastingpost-transcrq)tional gene silenciiig m 4e 
absence of the dsRNA that mitiated flie RNAi effect Heritable RNAi m C. elegans 
requires the rde-l and rde-4 genes to initiate, but not to persist in subsequent 
generations. The rde-2, rde- 3, and mut-7 genes m C. elegans are required in the 
30 tissue where RNAi occurs, but are not required for mitiation of heritable RNAi 
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(Giishok et al., Sdeace, in press 2000). These 'effector' genes (Grishok et aL, 
Science, in press 2000) are likely to encode proteins flmctioning in the actual 
selection of niRNA targets and in their subsequent cleavage. ATP may be required 
at any of a niunber of steps during RNAi, including complex formation on the 
5 dsRNA, strand dissociation during or after dsIiNA cleavage, pairing of the 21-23 nt 
KNAs with the target mRNA, mRNA cleavage, and recycling of ttie targeting 
conq>lex. Testing these ideas with them vitro RNAi system wiU bean importaz^ 
challenge for the future. Some genes involved m RNAi are also important for 
transposon silencing and co-suppresionl Co-siqjpression is a broad biological 
10 ^ phenomenon spanning plants, insects and perhaps hunDans. The most likely 

mechanism in Drosophila melanogaster is transcriptional silencing (Pal-Bhanra et al. 
Cell 99: 35-36. Thus, 21-23 nt fragments are likely to be mvolved in transcriptional 
control, as well as in post-transcriptional cotrol. 

Example 3 Isolated 21-23 mers caused sequence-specific interference when 

15 added to a new RNAi reaction 

Isolation of 21-23 nt fragments from incubation reaction of 500 bp dsRNA in lysate. 

Double-stranded RNA (500 bp from) was incubated at 10 nM concentration 
mDrosophila embryo lysate jfor 3 h at 25** C under standard conditions as described 
herein. After deproteini2ation of the sample, the 21-23 nt reaction products were 

20 separated from unprocessed dsRNA by denaturing polyacrylamide (15%) gel 
electrophoresis. For detection of the non-radiolabeled 21-23 nt fragments, an 
incubation reaction with radiolabeled dsRNA was loaded in a separate lane of the 
same gel. Gel slic^ containing the non-radioactive 21-23 nt fragments were cut out 
and the 21-23 nt fragments were eluted from the gel slices at 4'* C ovemi^t in 0.4 

25 ml 0,3 M NaCL The RNA was recovered from ttie supernatant by ethanol 

precipitation and centciftigatioiL The RNA pellet was dissolved in 1 0 fil of lysis 
buffer. As control, gel slices sligjifly above and below the 21-23 nt band were also 
cut out and subjected to the same elution and precipitation procedures. Also, a 
non-mcubated dsRNA loaded on the 15% gel and a gel slice corresponding to 21-23 

30 nt fragments was cut out and eluted. All pellets from the control e3q>eriments were 
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dissolved m 10 jil lysis buffer. The losses of RNA daring recovery ftom gel slices by 
elution are approx. 50%. 

Incubation of purified 21-23 nt firagments in a translation-based RNAi assay 

1 jxl of the eluted 21-23 mer or control RNA solution was used for a standard 
5 10 jil RNAi incubation reaction (see above). The 2 1-23 mers were preincubated in 
the lysate containing reaction mixture for 10 or 30 min before the addition of the 
target and control mRNA. During pre-incubation, proteins involved in RNA 
interference may re- associate with the 21-23 mers due to a specific signal present on 
these RNAs. The incubation was continued for another hour to allow translation of 

10 the target and control mRNAs. The reaction was quenched by the addition of passive 
lysis buffer (Promega), and luciforase activity was measured. The RNA interference 
is die expressed as the ratio of target to control luciferase activity normalized by an 
RNA-free buffer control Specific suppression of the target gene was observed with 
either 10 or 30 minutes pre- incubation. The suppression was reproducible and 

15 reduced the relative ratio of target to control by 2-3 fold. None of the RNA 
fiagments isolated as controls showed specific interference. For comparison, 
incubation of 5 nM 500 bp dsRNA (10 min pre- incubation) affects the relative ratio 
of control to target gene approx. 30-fold. 



Stability of isolated 21-23 nt fi:agments in a new lysate incubation reaction. 

20 Consistent with the observation of RNAi mediated by purified 21 -23 nt RNA 

firagment, it was found that 35% of the input 21-23 nt RNA persists for more than 3 
h in such an incubation reactionu This suggests that cellular fectors associate with the 
deproteinized 21-23 nt fiiagments and reconstitute a functional mRNA-degrading 
particle. Signals connected wifli these 21-23 nt fi-agments, or their possible double 

25 stranded nature or specific lengths are likely responsible for this observation. The 
21-23 nt fiagments have a terminal 3' hydroxyl group, as evidenced by altered 
mobility on a sequencing gel following periodate treatment and beta-elimination. 
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Exanqjle 4 21-23-iiiers purified by non-denaturing methods caused 
sequence-specific interference when added to a new RNAi reaction. 

Fifty nanomolar double-stranded RNA (501 bp Rr-luc dsRNA, as described 
in example 1) was incubated in a 1 ml in vitro reaction with lysate at 25*C (see 
5 exairq)le 1). The reaction was then stopped by the addition of an equal volume of 2x 
PK buffer (see example 1) and proteinase K was added to a final concentration of 
1.8 \ie/iil: The reaction was incubated for an additional 1 h at 25'C, phenol 
extracted, and then the KNAs were precipitated with 3 volumes of eflianoL The 
efhanol precipitate was collected by centrifiigation, and the pellet was resuspended 

10 in 100 pi of lysis buffer and applied to a Superdex HR 200 10/30 gel filtration 
column (Pharmacia) run in lysis buffer at 0.75 ml/min. 200 pi fi^ons were 
collected &6m the column. Twienty ^il of 3 M sodium acetate and 20 ^g glycogen 
was added to each fraction, and the RNA was recovered by precipitation wi& 3 
volumes of efhanol. The precipitates were resuspended in 30 pi of lysis buffer. 

15 Column profiles following the fiactionation of 32P-labeled input KNA are shown in 
Figure 13 A.' 

One miCToliter of each resuspended fraction was tested in a 10 |il standard in 
vitro RNAi reaction (see example 1). This procedure yields a concentration of RNA 
in the in vitro RNAi reaction that is approximately equal to the concentration of that 
20 RNA species in the original reaction prior to loading on the column. The fictions 
were preincubated in the lysate containing reaction mixture for 30 min before the 

addition of lOnMRr-lucmRNAtargetandlOnMPp-luccontrolmRNA During 
pre-incubation, proteins involved in RNA interference may re-associate with the 
21-23-mers due to a specific signal present on these RNAs. The incubation was 

25 continued for anotho: three hours to allow translation of the target and control 
mRNAs. The reaction was quenched by the addition of passive lysis buffer 
(Promega), and luciferase activity was measured. The suppression of Rr-luc mRNA 
target expression by the purified 21-23 nt fi:agments was i^roducible and reduced 
the relative ratio of target to control by >30«fold, an amount comparable to a 50 nM 

30 500 bp dsRNA control. Suppression of target mRNA expression was specific: litfle 
or no effect on the expression of the Pp-luc mRNA control was observed 
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The data show that the both the fiactions containhig uncleaved dsRNA 
(ftactions 3 - 5) or long, partially cleaved dsRNA (fiactions 7 - 13) and the fiactions 
containing the fiilly processed 21-23 nt siRNAs (firactions 41 - 50) mediate effective 
RNA interference in vitro (Figure 1 3B). Siqppression of target mRNA expression 
5 was specific: Uttle or no effect on the ejqpressionof the Pp-liicrnRNA control was 
observed OFigure 13C). These data, togeflier with those in the earlier examples, 
demonstrate that the 21-23 nt siRNAs are (1) true intermediates in the RNAi 
pathway and (2) effective mediators of KNA interference in vitro. 

Example 5 21-nucleotide siKNA duplexes mediate KNA interference in human 
10 tissue cultures 

Methods 
RNA preparation 

21 nt RNAs were chemically synthesized using Expedite RNA 
phosphoramidites and thymidine phosphoramidite (ProUgo, Germany). Synthetic 

15 oUgonucleotides were deprotected and gel-puiified (Elbashir, S Jvf., Lradeckel, W. & 
Tuschl, T., Genes &Dev. 15, 188-200 (2001)), followed by Sep-Pak C18 cartridge 
(Waters, Milford, MA, USA) purification (Tuschl, t, et al.. Biochemistry, 52:1 1658- 
11668 (1993)). The siRNA sequences targeting GL2 (Acc. X65324) and GL3 
luciferase (Acc, U47296) corresponded to the coding regions 153-173 relative to the 

20 first nucleotide of fiiie start codon, siRNAs targeting RL (Acc. AF025846) 

corresponded to region 1 19-129 after the start codon. Longer RNAs were transcribed 
with T7 RNA polymerase from PC31 products, followed by gel and Sep-Pak 
purification. The 49 and 484 bp GL2 or GL3 dsRNAs corresponded to position 113- 
161 and 1 13-596, respectively, relative to the start of translation; the 50 and 501 bp 

25 RL dsRNAs corresponded to position 1 18-167 and 1 18-618, respectively. PGR 

ten:q)lates for dsRNA synthesis targeting humanized GEP (hG) were amplified fiom 
pAD3 (Kehlenbach, RJE., et aL. J. CeUBioL. 141:^63-91 A (1998)), whereby 50 and 
501 bp hG dsRNA corresponded to position 118-167 and 118-618, respectively, to 
the start codon. 
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For aimealing of siRNAs, 20 iiM single strands' were incubated in amftali-ng 
buffer (100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM 
magnesium acetate) for 1 min at 90'*C followed by 1 h at 37 The 37 - 
incubation step was extended ovenrigjht for the 50 and 500 bp dsRNAs, and these 
5 annealing reactions were performed at 8.4 \jM and 0.84 (iM strand concentrations, 
respectively. 

Cell culture 

S2 cells WCTe propagated in Schneider's DrosophUa medium (life 
Technologies) supplemrated with 10% EBS, 100 units/ml penicillin, and lOO M,g/ml 

10 streptomycin at 25 *»C. 293, NIH73T3, HeLa S3, COS-7 cells were grown at 37 in 
Dulbecco's modified Eagle's medium supplemented with 10% FBS, 100 imits/ml 
penicillin, and 100 p-g/ml streptomycin. Cells were regularly passaged to maintain 
exponential growth. 24 h before transfection at approx. 80% confluency, mammalian 
cells were trypsinized and diluted 1:5 with fiesh medium without antibiotics (1-3 x 

15 10^ cells/ml) and transferred to 24-well plates (500 jil/weU). S2 cells were not 

trypsinized before splitting. Transfection was carried out with Lipofectamine 2000 
reagent (life Technologies) as described by the manufacturer for adherent cell lines. 
Per well, 1.0 jig pGL2-Control (Ptomega) orpGL3-Control (Promega), 0.1 jigpRI^- 
TK (Promega), and 0.28 |xg siRNA duplex or dsRNA, formulated into liposomes, 

20 were applied; the final volume was 600 fil per well. Cells were incubated 20 h after 
transfection and appeared healthy thereafter. Luciferase expression was subsequently 
monitored with the Dual luciferase assay (Promega). Transfection ef&ciencies were 
determined by fluorescence microscopy for mammalian cell lines after co- 
transfection of 1.1 iig hGEP-encoding pAD3^ and OJ28 jig invGL2 siKNA, and wore 

25 70-90%. Reporter plasmids were anaplified in XI^l Blue (Strategene) and purified 
using the Qiagen BndoFree Maxi Plasmid Kit 



Results 

RNA interference (RNAi) is the process of sequence-specific, post- 
transcriptional gene silencing in animals and plants, initiated by double-stranded 
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KNA (dsKNA) homologous in sequence to the silenced gene (Fire, A., Trends 
Genet, 75:358-363 (1999); Sharp, PA, & Zamore, P.D., Science, 257:2431-2433 
(2000); Sijen, T. & Kooter, J.M., Bioessir^s, 22:520-53 1 (2000); Bass, B J.., Cell, 
i0i:235-238 (2000); Hanunond, S.M., etal., Nat. Rev. Genet., 2:110-119 (2001)). 
5 The mediators of sequence-specific mRNA degradation are 21 and 22 nt small 

interfering KNAs (siKNAs) generated by RNase in cleavage §xmx longer dsRNAs*"*® 
OHamilton, A.J. &Baulcombe, D.C, Science, 286:950-952 (1999); Hammond, S Jvl, 
etal.. Nature, 404:293-296 (2000); Zamore, PX)., et al. Cell, 707:25-33 (2000); 
Bernstein, R, et al, Naature, 409:363-366 (2001); Elbadur, S J^., et al.. Genes & 

10 Dev., 7 J:l 88-200 (2001)). As shown herein, 21 nt siRNA diqilexes arc able to 
specifically suppress reporter gene expression in mxdtiple mammalian tissue 
cultures, including human embiyonic kidney (293) and HeLa cells. In contrast to 50 
or 500 bp dsRNAs, siRNAs do not activate flie interferon response. These results 
indicate that siRNA dxqplraes are a general tool for sequence-specific inactivation of 

1 5 gene fimction in mammalian cells. 

Base-paired 21 and 22 nt siRNAs with overhanging 3 ' ends mediate efScient 
sequence-specific mRNA degradation in lysates prepared fiom D. melanogaster 
embryos (Elbashir, SIA., et al.. Genes & Dev., 75:188-200 (2001)). To test whether 
siRNAs are also capable of mediating RNAi in tissue culture, 21 nt siRNA diq)Iexes 

20 with symmetric 2 nt 3 ' overhangs directed against reporter genes coding for sea 
pansy (Remlla reniformis) and two sequence variants of firefly (PhoHnus pyralis^ 
GL2 and GL3) luciferases (Figures 14A, 14B) were constructed. The siRNA 
duplexes were co-transfected with the reporter plasmid combinations pGL2/pRL or 
pGL3/pRI^ into D. melanogaster Schneider S2 cells or mammalian cells nging 

25 cationic liposomes. Luciferase activities ware determined 20 h after transfection. In 
all cell lines tested, specific reduction of the expression of the reports genes in the 
presmce of cognate siRNA duplexes was observed (Figures 15A-15J). Remarkably, 
the absolute luciferase ei^ression levels were unaffected by non-cognate siRNAs, 
indicating the absence of harmful side effects by 21 nt RNA diq)lexes (e.g. Figures 

30 16A-1 6D, for HeLa cells). In D. melanogaster S2 cells (Figures 15A, 15B), the 
specific inhibition of luciferases was complete, and similar to results previously 
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obtained for longer dsRNAs (Hammond, SM., et aL, Nature, 404:293-296 (2000); 
Caplen, NJ., etaL, Gene, 252:95-105 (2000); Clemens, M & Williams, B., Cell, 
75:565-572 (1978); Ui-Tei, K., et al, FEES Letters, 479:79-S2 (2000)). In 
mammal ian cells, where the rqiorter genes ware 50- to 1 OO-fold stronger expressed, 
5 the specific siqppression was less complete (Figures 15C-15J). GL2 expression was 
reduced 3- to 12-fold, GL3 expression 9- to 25-fold, and RL expression 1- to 3-fold, 
in response to the cognate siRNAs. For 293 cells, targeting of RL ludferase by RL 
siRNAs was ineffective, although GL2 and GL3 targets responded specifically 
(Figures 151, 153). It is likely that the lack of reduction of RL expression in 293 cells 

10 is due to its 5- to 20-fold higher e3q)ression compared to any other mammalian cell 
line tested and/or to limited accessibility of flie target sequence due to RNA 
secondary structure or associated proteins. Nevertheless, specific targeting of GL2 
and GL3 luciferase by the cognate.siElNA diq)lexes indicated that RNAi is also 
functioning in 293 cells. 

15 The 2 nt 3* overhang in all siRNA duplexes, except for uGL2, was composed 

of (2*-deoxy) thymidine. Substitution of uridine by thymidine in the 3* overhang was 
well tolerated in the mekmogaster in vitro system, and the sequence of the 
overhang was uncritical for target recognition (Elbashir, S M., et al.. Genes & Dev., 
75:188-200 (2001)). The thymidine overhang was chosen, because it is supposed to 

20 enhance nuclease resistance of siRNAs in the tissue culture medium and within ' 
transfected cells. lodeed, the thymidine-modified GL2 siRNA was slightly more 
potent than the immodified uGL2 sOlNA in all cell lines tested (Figures 15A, 15C, 
15E, 15G, 151). It is conceivable that further modifications of the 3' overhanging 
nucleotides will provide additional benefits to the delivery and stabiHty of slEINA 

25 duplexes. 

hi co-transfection experiments, 25 nM siRNA duplexes with respect to the 
final volume of tissue culture medium were used (Figures 15A-15J, 16A-16F). 
Increasing the siKMA concentration to 100 nM did not enhance the specific silracing 
effects, but started to affect transfection eflBciencies due to competition for liposome 
30 enc^sulatiou between plasmid DNA and siRNA. Decreasing the siRNA 

concentration to 1.5 nM did not reduce the specific silencing effect, even though the 
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siRNAs were now only 2- to 20-fold more concentrated than the DNA plasmids. 
This indicates that slRKAs are exttaoidinarily powaiul reagents for mediating gene 
silencing, and that siKNAs are effective at concentrations that aie several orders of 
. magnitude below the concentrations applied in conventional antisense or ribozyme 
S gene targetnig experiments. 

In Older to monitor the effect of longer dsRNAs on mammalian cells, 50 and 
500 bp dsKNAs cognate to the reporter genes were prepared. As non-specific 
control, dsRNAs from hnmanized GEP (hG) (Kehleribach, R.H., et al, J. Cell Biol, 
I41:863'S74 (1998)) was used. When dsRNAs were co-transfected, in identical 

10 amounts (not concentrations) to the siKNA diq>lexes, the reporter gene expression 
was strongly and unspecifically reduced. This effect is illustrated for HeLa cells as a 
representative example (Figures 16A-16D). The absolute luciferase activities were 
decreased unspecifically 10- to 20-fold by 50 bp dsRNA, and 20- to 200-fold by 500 
bp dsRNA co-transfectioii, respectively. Similar unspecific effects were observed for 

15 COS-7 and NIH/3T3 cells. For 293 cells, a 1 0- to 20-fold unspecific reduction was 
observed only for 500 bp dsRNAs. Unspecific reduction in reporter gene expression 
by dsRNA > 30 bp was expected as part of die interferon response (Matthews, M., 
Interactions between viruses and the cellular machinery for protein synthesis in 
Translational Control (eds., Hershey, J., Nfetthewsjvt & Sonenberg, N.) 505-548 

20 (Cold Spring Harbor Laboratory Pre^, Plainview, NY; 1996); Kumar, M. & 

Cannichael, G.G., Microbiol Mol Biol Rev., (52:1415-1434 (1998); Stark, G.R., et 
al, Amtu Rev. Biochenu, 57:227-264 (1998)). Surprisingly, despite flie strong 
unspecific decrease in reporter gene expression, additional sequence-specific, 
dsRNA-mediated silencing were reprodudbly detected. The specific silencing 

25 effects, however, were only apparent when the relative reporter gene activities were 
nomialized to the hG dsRNA controls (Figures 16E, 16F). A 2- to 10-fold specific 
reduction in response to cognate dsRNA was observed, also in the ottier three 
mammalian cell lines tested. Specific silencing effects with dsRNAs (356-1662 bp) 
were previously reported in CHO-Kl cells, but the amounts of dsRNA reqiaired to 

30 detect a 2- to 4-fi)ld specific reduction were about 20-fold higher than in our 

experiments (Ui-Tei, K., et al, FEBS Letters, 479:79-82 (2000)). Also, CHO-Kl 
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cells sppear to be deficieat in the interferon response. Jn another r^or^ 293, 
NIH/3T3, and BHK-21 cells were tested for RNAi using hidferaseAacZ reporter 
combinations and 829 bp specific lacZ or 717 bp unspedfic GPP dsKNA(Cq>leD, 
N J„ et aL, Gene, 252:95-105 (2000)). The feilure of detecting RNAi in this case is 
5 likely due to the less sensitive luciferase/lacZ reporter assay and the length 

differences of target and control dsRNA. Taken together, the results described herem 
indicate that KNAi is active in mammalian cells, but that the silendng effect is 
difficult to detect if the interferon system is activated by dsKNA >30 bp. 

The mechanism of the 21 nt siRNA-mediaied interference process in 

10 mammalian cells remains to be uncovered, and silencing may occur i>ost- 

transcriptional and/or transoiptLonaL In Z), melanogaster lysate, siRNA duplexes 
mediate post-transcriptional gene silencing by reconstitution of a siRNA-protein 
complexes (siR>]Ps), which are guiding mRNA recognition and targeted cleavage 
(Hammond, S Jvl., et al,. Nature, 404:293-296 (2000); Zamore, P JD,, et al. Cell, 

15 101:25-33 (2000); Elbashir, S.M., a/:, GenesiUDev., iJ; 188-200 (2001)). In 

plants, dsRNA-mediated post-transcriptional silmcing has also been linked to RNA- 
• directed DNA methylation, which may also be directed by 21 nt siKNAs 
(Wasseneggor, M., Plant MoL Biol, -^3:203-220 (2000); Finnegan, EJ., et al., Curr. 
Biol, ii;R99-R102 (2000)). Methylation of promote regions can lead to 

20 transcriptional silencmg OMetter, MJF., et aL, EMBO X, 7P:5 194-5201 (2000)), but 
methylation in coding sequences must not (Wang, M.-B., RNA, 7:16-28 (2001)). 
DNA metfajdation and transcriptional silencing in mnTnTnalia aie well-documented 
processes (Kass. S.U., et al. Trends GeneL, J3:444-449 (1997); Razin, A., EMBO J, 
77.4905-4908 (1998)), yet they have not been Hnked to post-transcriptional 

25 silencing. Methylation in mammals is predominantly directed towards CpG residues. 
Because there is no CpG in the RL siRNA, but RL siRNA mediates specific 
silendng in mammalian tissue culture^ it is unlikely that DNA methylation is critical 
for our observed silencing process, in summary, Jtescribed herein, is slRNA- 
mediated gene silencing ^n mammalian cells. The use of 21 nt siRNAs holds great 

30 promise for inactivation of gene function in human tissue culture and the 
development of gene-specific ther^eutics. 
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While this inveation has heea particularly shown and described with 
leference to piefeired embodiments &ereo^ it will be understood by those skilled ia 
the art that various changes in form and details may be made therein without 
departing Scorn the scope of the inveation enconqiassed by the upended claims 
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CLAIMS 

What is claimed is: 

1 . Isolated KNA of fixna about 21 to about 23 nucleotides that mediates BNA 
interference of an mRNA to which it corresponds. 

5 2. Isolated RNA of claim 1 that comprises a tenninal 3* hydzoxyl grotq). 

3. Isolated RNA of claim 1 which is chemically synflbiesized KNA or an analog 
of a iiaturaUy occurring SNA 

4. An analog of isolated KNA of claim 1, wherein the analog differs fix>m the 
KNA of claim 1 by the addition, deletion, substitution or altontion of one or 

10 more nucleotides. 

5. Isolated KNA of Scorn about 21 to about 23 nucleotides that inactivates a 
corresponding gene by transcriptional silencing. 

6. A soluble extract that mediates RNA interference. 

7. The soluble extract of Claim 6, wherein the extract is derived &om 
IS Drosophila embryos. 

8. The soluble extract of Claim 7 wherein the extract is derived from syncytial 
blastodfflXL Drosophila onbiyos. 

9. Amethod of produdng RNA of from about 21 to about 23 nucleotides jn 
^ leogth comprising: 

20 (a) combining double-stranded RNA with a soluble extract tfiat mediates 

RNA interference, thereby producing a combination; and 
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(b) maintaining the combination of a) under conditions in which the 

double-stranded KNA is processed to RNA of fiom about 21 to about 
23 nucleotides in length. 

10. The method of Claim 9, wherein the soluble extract is daived &om syncytial 
blastoderm Drosophila embiyos. 



11. The method of Claim 9 further comprising isolating the KNA of fiom about 
21 to about 23 nucleotides fiom the combination. 



12. RNA of about 21 to about 23 nucleotides produced by the method of Claim 
9. 

10 13. A method of {iroducing RNA of fix)m about 21 to about 23 nucleotides in 
lengdi that mediates RNA interference of mRNA of a gene to be degraded, 
comprising: 

(a) combining double-stranded RNA that coiresponds to a sequ^ce of 
the gene to be degraded with a soluble extract that mediates RNA 

1 5 interference, thereby producing a combination; and 

(b) maintaining the combination of (a) imder conditions under which the 
double-stranded RNA is processed to RNA of jfom about 2 1 to about 
23 nucleotides that mediates RNA interference of the mRNA of the 
gene to be degraded, thereby producing RNA of from about 21 to 

20 about 23 nucleotides that mediates RNA interference of the mRNA. 

14. The method of Claim 13, wherein the soluble extzact is derived jErom 
syncytial blastoderm Drosophila embryos. 



15. The method of Claim 13 further con^jrising isolating RNA of fiom about 21 
to about 23 nucleotides fix>m the combination. 
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16. Isolated KNA of fioin about 21 to about 23 nucleotides produced by ttie 
method of Claim 15. 

17. A method of mediatmg RNA interference of mRNA of a gene in a cell or 
organism comprising: 

5 (a) introducing RNA of firom about 21 to about 23 nucleotides wbicb 

targets ihc niRNA of the gene for degradation into the cell or 
organism; 

(b) maintaining the cell or organism produced in (a) under conditions 
und^ which degradation of the mRNA occurs, thereby mediating 
10 RNA interference of the mRNA of the gene in the cell or organism. 

18. The method of Claiml? wherein the RNA of (a) is a chemically synthesized 
RNA or an analog of naturally occurring RNA 



19. Hie method of Claim 17, wherein -flie geno encodes a cellular mRNA or a 
viral mRNA. 



15 20. A method of mediating RNA interference of mRNA of a gene m a cell or 
organism in which RNA interference occurs, comprising: 
(a) combining double-stranded RNA that corresponds to a sequence of 
the gene with a soluble extract that mediates RNA interference, 
thereby producing a combination; 
20 (b) maintaining flie combination produced in (a) under conditions xmder 

which the double- stranded RNA is processed to RNA of fix>m about 
21 to about 23 nucleotides, thereby producing RNA of fix>m ^out 21 
to about 23 nucleotides; 

(c) isolating RNA of fiom about 21 to about 23 nucleotides produced in 
25 (b); 

(d) introducing RNA isolated in ( c) into the cell or organism; and 
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(e) TnaintaiTiing the cell or orgamsm produced in (d) under conditions 
under which degradation of mKNA of ^e gene occurs, thereby 
mediating RNA interference of the mRNA of the gene in the cell or 
organism. 

5 21 • The method of Claim 20, wherein the soluble extract is derived from 
syncytial blastoderm Drosophila embiyos. 

22. The method of Claim 20, wherein the RNA is isolated using- gel 
. electrophoresis. 

23. A method of mediating RNA interference of mKNA of a gcn.c in a ceU or 

10 organism in which RNA interference occurs, comprising: (a) introducing into 

the cell or organism RNA of from about 21 to about 23 nucleotides that 
mediates RNA interference of mRNA of the gene, thereby producing a cell 
or organism that contains the RNA and (b) maintaining the cell or organism 
that contains the RNA under conditions under which RNA interference 

15 occurs, thereby mediating RNA interference of mRNA of the goae in the cell 

or organism. 

24. The method of claim 23, wherein the RNA of from about 21 to about 23 
nucleotides is chemically synthesized RNA or an analog of RNA that 
mediates RNA interference. 

20 25. The method of Claim 23, wherein the gene encodes a cellular mRNA or a 
viral mRNA. 

26. A knockdown cell or organism generated by the method of claim 23. 

27. The knockdown ceU or organism of claim 26, wherein the cell or organism 
mimics a disease. 
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28. A method of examining the fimction of a gene ^i a cell or organism 
comprising: 

(a) introducing RNA of from about 21 to about 23 niccleotides that 
targets mSNA of the gene for degradation into the cell or organism, 

S thereby producing a test cell or test organism^ 

(b) maintaining the test cell or test organism under conditions imder 
which degradation of mRNA of the gene occurs, thereby producing a 
test cell or test organism in which mRNA of the gene is degraded; 
and 

10 (c) observing the phenotypeofthe test cell or test organism produced in 

(b) and, optionally, comparing the phenotype observed to .that of an 
appropriate control cell or control organism, thereby providing 
ixiforniation about flie function of file gene. 

29. The method of Claim 28 wherein the RNA introduced in (a) is chemically 
IS synthesized or an analog of SNA that mediates RNA interference. 

30. A method of examining Ihe function of a gene in a cell or organism 
comprising 

(a) combining double-stranded RNA that corresponds to a sequence of 
the gene with a soluble extract that mediates RNA interference, 

20 thereby producing a combination; 

(b) maintaining the combination produced in (a) under conditions under 
which the double- stranded RNA is processed to RNA of about 21 to 
about 23 nucleotides, whereby RNA of about 21 to about 23 
nucleotides is produced; 

25 (c) isolating RNA of about 21 to about 23 nucleotides produced in (b); 

(d) introducing tiie RNA isolated in (c) into tiie cell or organism, thereby 
producing a test cell or test organism; 
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(e) maintaining fhe test cell or test organism under conditions mider 

which degradation of mRNA of the gene occurs, thereby producing a 
test cell or test organism in which mRNA of fhe gene is degraded; 
and 

5 (f) observing the phenotype of iJie test cell or test organism produced in 

(e) and, optionally, coroparing the phenotype observed to that of an 
appropriate control, thereby providing information about the function 
of fhe gene; 

3 1 . The method of claim 30, wherein the RNA comprises a terminal 3* hydroxyl 
10 groiq>. 

32. The method of claim 30, wherein the sohible extract is derived fix>m 
syncytial blastoderm Drosophila embryos. 

33 . The method of claim 30, wherein the SNA is isolated using gel 
electrophoresis. 

15 34. A coniposition comprising biochemical components of a Diosophila cell that 
process dsRNA to RNA of about 21 to about 23 nucleotides and a suitable 
carrier. 

35. A composition comprising biochemical conoponmts of a cell that target 
mKNA of a gene to be degraded by KNA of about 21 to about 23 

20 nucleotides. 

36. A method of treating a disease or condition associated with &e presence of a 
protein in an individual comprising administering to the individual RNA-of 
fix>m about 21 to about 23 nucleotides that targets the mRNA of the protein 
for degradation. 
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37. The method of claim 36 wherem SNA of fix)m about 21 to about 23 
micleotides is chemically synthesized or an analog of KNA that mediates 
RNA int^ereace. 

38. A method of assessing whether an agent acts on a gene product comprising: 
5 (a) introducing RNA of Scorn about 21 to about 23 nucleotides vMch 

targets the niRKA of the gene for degradation into a cell or organism; 

(b) maintaining the cell or organism of (a) under conditions in which 
degradation of the noKNA occurs, 

(c) introducing the s^ent into the cell or organism of (b); and 

10 (d) detemiining whether the agent has an effect on flieceU or organism, 

wherein if the agent has no effect on the cell or organism then the 
agent acts on the gene product or on a biological pathway that 
involves the gene product 

39. The method of claim 38, wherem the RNA of from about 21 to about 23 
15 nucleotides is chemically synthesized or an analog of RNA that mediates 

RNA interference. 

40. A method of assessing whether a geae product is a suitable target for drug 
discovery comprising: 

(a) introducing RNA of from about 21 to about 23 nucleotides which 
20 targets the mRNA of the gene for degradation into a cell or organism; 

(b) maintaining the cell or organism of (a) under conditions in which 
degradation of the mRNA occurs resulting in decreased e?q>ression of 
the gene; and 

(c) determining the effect of the decreased expression of the gene on the 
25 cell or oigaiiisniyWhereinif decreased expression has an eSSsct, then 

the gene product is a target for drug discovery. 
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41. The method of claim 40, wherein the SNA of from about 21 to about 23 
nucleotides is sjoithetic SNA or an analog of KNA that mediates KNA 
interference. 

42. A gene identified by the sequencing of endogenous 21 to 23 nucleotide RNA 
5 molecules that mediate KNA intaference. 

43. A phamiaceutical composition canq>rising SNA of from about 21 to about 
23 nucleotides that mediates SKA interference and an appropriate carrier. 

44. A method of producing knockdown cells, comprising introducing into cells 
in which a gene is to be knocked down KNA of about 21 to about 23 nt that 

10 targets the mRNA corresponding to the gene and maintaining the resulting 

cells under conditions under which KNAi occurs, resulting in degradation of 
the mKNA of the gene, thereby producing knockdown ceUs. 

45. The method of claim 44, wherein the RNA of about 21 to about 23 
nucleotides is synthetic RNA or an analog of RNA that mediates RNA 

15 interference. . 

46. A method of identifying target sites within mRNA that are efficiently cleaved 
, by the RNAi process, comprising combining dsRNA corresponding to a 

sequence of a gene to be degraded, labeled mRNA corresponding to Ihe gene 
and a soluble extract that mediates RNA interference, thereby producing a 
20 combination; maintaining the combination under conditions under which the 

dsRNA is degraded and identifying sites in the mSNA that are ef&cientiy 
cleaved. 



25 



47, 



A metiiod of identifying 21-23 nt RNAs that effidenfly mediate RNAi, 
wherem said 21-23 nt RNAs span Ihe target sites identified within the 
mRNA by the method of claim 46. 
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48. . RNA of claim 16, isolated using gel electrophoresis. 

49. RNA of claim 16, isolated using non-denaturing methods. 

50. RNA of claim 16, isolated using non-denaturing column chromatography. 
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Box I Observalions where certain claims were found unsearchable (Continuation of Rem 1 of flrBl sheet) 



TNs International Soarch Report has not been estaUlshed In respect of certain ctalms under Artde 17^(a} for me following reasons: 
1. rn CtebnaNodu 

— because they relate to subfect matter not requlnad to be searched by this Authortty, namely: 



Pn Claims N08- 

becouae Hwy relate to parts of tie International Applloaten that do not oompV wfih the prescribed requlraments to euch 
an CKtent that no mearungful Intemationai Search can be canted out, specmcally: 

see FURTHER INFORMATION sheet PCT/ISA/210 



a rn Claims Nosj 

because they are dependant clabna and ara not draftad In aooordanoe with the second and thlid sentences of Rule 6.4(a). 



Box 1) Observations where unity o1 Invention is lacking (Continuation of Item 2 of first stieet) 



TNs Intemationai Seaiching Authortty found mUlUple Invenllona In this International apptteaUon. as folows: 



1. I I As all required additional search faes were timely paid by the applicant, tNa International Search Repcrl covers all 
I— I searchable dalms. 

2. I ] As all searctiabte ctalms could be searched without effort Justifying an addtlonalfM^ 

of any additional fee. 



3. I I As only some of the required additional search fees were timely paid by die applicant, this Intennadonai Search Report 
I — I covers only those claims for wMch fees were paid, apedfically dalms Nos.: 



4. No required additional search fees were timely paid by the applicant Consequently, this International Search Report Is 

restricted to the invention first mentioned in the dalms; It Is covered by clalma Hos,: 



Remark on Protest ^ | The addUorel search fees vreis accompanied by the applcamf a protest 

[ I No protest accompanied the payment of addHlonal search fees. 
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210 



Continuation of Box 1.2 

Claims Nos.: 1-5,12, 16,26,27,35-37,42,43,48-50 (completely), 
6,9,11,13,15,20,22,30,31,3346,47 (all partially) 



DProduct claims 1-5,12,16,35-37,43,48-50 relate to RNA molecules solely 
characterised in that they mediate RNA interference. This sole functional 
feature, however, is not sufficient to characterise the claimed molecules 
so as to allow the skilled person to clearly and unamblguosly understand 
the scope of the claims. Moreover, the skilled person is given no 
guidance, either in the claims or In the description, as to any general 
technical feature of the claimed RNA molecules which could allow him/her 
to understand, with no undue burden, which molecules fall and which do 
not fall within the definition of the claims. 

Claims 26 and 27 relate to a knockdown cell obtained by treating it 
according to the method of claim 23. 

However, the sole indication that a cell has been obtained by treating it 
with a short RNA molecule with no indication as to features of the cell, 
such as e.g. the kind of cell and the kind of gene which has been 
silenced does not allow the skilled person to clearly and unambiguously 
understand the scope of the claim. 

Similar arguments apply to claim 42, which relates to a gene solely 
characterised by means of the method used for its identification. 

Thus, the aforementioned claims 1-5,12,16,35-37,43,48-50, 26, 27 and 42 
lack clarity (Art. 6 PCT) to such an extent as to render a meaningful 
search with respect to their subject-matter impossible. 

2) Claims 6, 9, 13, 20, 30,46 relate broadly to a soluble extract that 
mediates RNA interference. However, the description only provides 
indications as to a Drosophila embryo extract having such a capability 
(see p. 22, 1. 1-10, p. 28, 1- 9, p. 32, 1. 10, p. 36, 1 14, p. 40, 1. 
18) and is completely silent as to any general rule that the skilled 
person could apply to Identify, with no undue burden, other suitable 
extracts. The description discloses that two other lysates have been 
tested, namely wheat germ extract and rabbit reticulocyte lysate (see p. 
28): the former showed no effect whatsoever, the latter only had a 
non-specific effect, not linked to RNA interference (p. 28, 1. 18-20). 
Hence these claims lack support (Art. 6 PCT) to such an extent as to 
render a meaningful search of their subject-matter impossible. The search 
with respect to these claims has thus been limited to soluble extracts 
derived from Drosophila embryos. 

The applicant's attention Is drawn to the fact that claims, or parts of 
claims, relating to inventions in respect of which no International 
search report has been established need not be the subject of an 
International preliminary examination (Rule 66.1(e) PCT), The applicant 
is advised that the EPO policy when acting as an International 
Preliminary Examining Authority Is normally not to carry out a 
preliminary examination on matter which has not been searched. This is 
the case irrespective of whether or not the claims are amended fdl lowing 
receipt of the search report or during any Chapter II procedure. 
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